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PREFACE 


IN this book, I have aimed at presenting a brief, yet 
reasonably complete and well-documented summary of 
structural geolog>s with special reference to those aspects 
of the subject with which the field geologist should be 
acquainted. The nomenclature of certain sections ofstruc- 
tural geology is at present in an unsatisfactory condition, 
and I have therefore given as full a synonymy as appeared 
to be necessary for the guidance of students in ivider read- 

fadlitat^^' hoped, the bibliographic references will 


t IS regretted that, owing to difficulties connected with 
the geographical remoteness of Australia from the. western 
countnes, personal communication with all' the authors 
whose fibres have been reproduced, with or without 
mod.ficat.on has not been possible. I am. however, especi- 

aln M Cloos, Mr. M. bngfey 

and Mr. H. VV. F airbairn for their help in connexion with 
I^us ratxons, and to Mr. E.J. Wayland'^forgeLroTy^er- 

con^^T® previously unpublished figLes 

concerning the East African Rifts. ^ 

am also happy to tender thanks to Prof T A Bartnim 
who kindly crificized parts of the preliminai MS to^ 

who Mr^E. Wrson 
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final proofs on my behalf; and also to the following for 
permission to reproduce illustrations or use them as a basis 
for some of the diagrams in this work: The Editors of the 
Geological Magazine (Figs. 3, 10, 37), The Geological Society 
of America (Figs. 8, 43, 81), The Royal Society of 
Edinburgh (Fig. 9), The McGraw-Hill Publishing Co., 
Ltd. (Figs. 18, 19), Julius Springer Verlagsbuchhand- 
lung, Berlin (Figs. 17, 22, 23, 41, 103, 104, 106), Edward 
Arnold & Co. (Figs. 29, 31, 35), Willibald Keller Verlags- 
buchhandlung, Leipzig (Figs. 30, 79), The United States 
Geological Survey (Figs. 32, 80, 84), H.M. Stationery 
Office (Fig. 36), E. Schweizerbart’sche Verlagsbuchhand- 
lung, Stuttgart (Figs. 52, 94), Cambridge University Press 
(Figs. 47, 85), John Wiley & Sons, New York (Figs. 51, 61), 
The American Association of Petroleum Geologists (Fig. 
57), The Journal of Geology, Chicago (Figs. 71, 89A), Henry 
Holt & Co., New York (Fig. 83), Dietrich Rcimer Verlag, 
Berlin (Fig. 92), Ernst CIoos and The National Academy 
of Sciences, Washington (Fig. 96). 

THE UNIVERSITY 
MELBOURNE 

January, igjg 



PREFACE TO THIRD EDITION 


THE tenets of many branches of structural geology have 
been greatly modified by researches and discussions during 
the past decade, so much so that in some branches, as for 
instance, the mechanism of orogeny, a state of philosophic 
flux has developed that is perhaps even more remarkable 
than the Uctonique dcoulement which is the subject of much 
contemporary European work. If only because of the 
manifest insufficiency of hypotheses formerly regarded as 


conservative, some account of such and similar matters 
has been presented despite their admittedly controversial 
nature, especially since it is hoped thereby to avoid the 
inculcation of rigid notions that tend to restrict thought 
rather than to guide it along profitable lines of inquiry. 

The Publishers having collaborated generously in pro- 
viding for revision, opportunity has been taken to intro- 
duce some treatment of tectonic concepts, to the extent 
that a knowledge of these is thought to be essential to an 
understanding of structural features. At the other end of 
the scale, the chapter on Petrofabrics is retained despite 
Its brevity, its chief value being regarded as the indication 

It gives that structural geologists may, with advantage, 
use a microscope. 

It IS a pleasure to acknowledge the assistance of col- 
leagues and friends who have commented on this book or 
who have discussed problems with me, but I must take full 

concerning the views of these 
and other geologists, to whose work specific reference is 
made in the text. 


the university 

MELBOURNE 

April j6, 
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Chapter I 

NON-DIASTROPHIC STRUCTURES 

I. PRIMART STRUCTURES OF SEDIMENTART 

ROCKS ^ 

Stratifiration.— The arrangement of sedimentary rocks in layers 
IS one of their most characteristic features. The various layers. 

f^P^fated by the bedding or stratification planes, are 
dually distinguishable one from another by differences in com- 
position, texture, hardness, cohesion, or colour. A bed or stratum 

hn? composed throughout of similar material, 

but thin layers showing minor variations in texture or other 

lave«?r'^ individual bed. These minor 

an inrh ^ ^ lamwae if they are less than about half 

an mch m thickness, or stratification layers if they are thicker 

"'“"g ‘he"s,ratificatirn 

Uke Sn V" '’“I ‘he orientation of lamellar or rod- 

bfthSrotatio^f " he caused 

clayey sXZs "h I payttational compaction of original 

so dtat theTw ’ P parallel to the bedding, » 

distineuishrd r “ P^^ary structure and should be 

* Strata.-It is convenient in dealing svith highly 

befd, formation on primary structures consult Twen- 

K **'Wesfn it edn., 193a pp. 6o«_ycg 

VorTi9i6,^rr;.^1.“ Schichtunf: cZ. 

S'd ^>934r?p.“9SM Leadon, 

%“ Pc-roleum-: Bu,,. 

1 
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disturbed rocks, especially where overfolding is common, to 
refer to the determination of the original top of a bed, which is 
of fundamental importance in mapping, as the determination 
of its facing. Many criteria for recognizing top and bottom of 
sedimentary' rocks, lava flows, and pyroclastic rocks have been 
used, and doubtless others will be forthcoming.^ The subject is 
referred to in several different contexts in this book. 

Grading of Sediments. — Frequently, there is a gradual varia- 
tion, in a vertical direction, in the size of the grains of which a 
bed, lamina, or stratification layer is composed. The gradation 
within an individual layer is usually from coarser material 
below to finer above, a sharp break occurring between the fine 
material of the upper part of the lower layer and the coarse 
bottom material of the layer above. Graded bedding, as this 
textural variation is termed, may result from variation in the 
size of particles supplied to a sedimentary’ deposit, as in glacial 
varves, but more commonly in marine deposits it arises from 
the fractionation of mixed coarse and fine particles originally 
admixed in a water current. Fractionation may occur during 
the settling through still bottom waters of mixed sediments 
carried in a superficial current,* and Bailey has suggested that 
such detritus-laden currents may be caused by seaquakes, 
which give rise to so-called ‘tidal waves’ or tsunamis.^ Again, 
Kuenen and Migliorini^ have demonstrated that fractionation 
occurs in turbidity currents, and it is very’ likely that many 
marine successions in which argillaceous sandstones (grey- 
wackes) commonly grade to shale or mudstone, have been 
deposited by such currents. 

Water carrying suspended sediment is able to flow down 

* See especially Shrock, R. R., Setjuence in Layered Rocks'. New York, 
1948. 

* The gradation exhibited by co.irsc current bedded strata (see Wills, 
L. J., The Physiographical Eiclulion of Britain'. London, 1929» P- **9) ** ® 
distinct type, and is not generally classed as graded bedding. 

« Bailey, E. B., ‘New Light on Sedimentation and Tectonics ; Geol. Mag., 
\’ol. 66, 1930, pp. 77-92; ‘Sedimentation in Relation to Tectonics’: Bull. 

Geol. Soc. Amer., Vol. 47, 1936, pp. 1713-26. 

* Kuenen, Ph. H., and C. 1. Migliorini, ‘Turbidity Currents as a Cause 

of Graded Bedding’: Joum. Geol., \’ol. 58, I950» PP- 
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gentle bottom-slopes in standing water, because of the relatively 
high specific gravity of the water-sediment mixture, which 
constitutes a turbidity current. High-density currents can 
transport fragments up to pebble size, presumably for long 
distances, and experiments show that the ultimate deposits are 
graded. Turbidity currents are known to be formed in lakes 
and reservoirs by flooded streams, but it is suggested that they 
may also be produced on a large scale in the sea, chiefly by the 



PIO, I. — GRADED BEDDING 

base, .anu„a.«. .one (wiO. 

B. Turbidity current in water tank, showing secondary waves. 


tur3h5 deposited sediments. Once formed, a 

mnnw ^ '^diments, thus adding to its 

importance as a transporting agent. ° 

Although it has been stated that current bedding and graded 
beddmg are formed in different environments* the r^ar 

a twS^ed beT“““T o* mudsto^in 

-r.ed. SuKm~h'j “ftt 

* Bailey, E. B., op. cit., 1930, 1936. 
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Victoria^ are thought to have originated from subsidiary un- 
dulations or waves in turbidity currents (Fig. i). 

If used with discretion, graded bedding can be very useful 
in mapping,* but it is important to note that, owing to the fact 
that the gradation in coarse sediments may sometimes be the 
reverse of that above described,® valid evidence as to the order 
of superposition can only be obtained from a succession of fine- 
grained graded beds, giving concordant results. 

Initial Dip. — The original attitude of stratification planes is 
usually approximately horizontal, but cross-bedded deposits 
(see pp. 5-7) and sediments laid down on sloping surfaces have 
an initial dip, which is imparted to them during deposition and 
not by later disturbances. The maximum angle of initial dip 
depends upon the angle of rest of the sediments under the con- 
ditions obtaining during their deposition, and may be as much 
as 43® in the case of sand laid down in quiet water, though 
finer grades of sediment have lower angles of rest.'* 

Sediments with moderate to high initial dips are to be ex- 
pected at steep sites of deposition developed from any cause, 
and are common around coral reefs and volcanoes, also against 
fault scarps and buried hills (see pp. 67-8, 85-6). In field 
work the possibility should be remembered that an observed 
dip may be initial and not due to later tilting or folding. Initial 
dips are modified by compaction of the sediments and by earth 
movements,® and this should be borne in mind in making 
deductions concerning the original conditions of sedimentation. 

Discordant Bedding. — The layers in a stratified deposit laid 

* Hills, E. S., and D. E. Thomas, ‘Fissuring in Sandstones’: Joum. Geol., 
Vol. 40, 1945, pp. 51-61. 

* See Read, H. H., ‘Dalradian Rocks of the Banffsiurc Coast’: Gtol. Mag., 
V’ol. 73, 1936, pp. 468—76, for an account of the metamorphisin of graded 
beds. 

3 Cooke, H. C., ‘Anomalous Grain Relationship in the Caldwell Quartz- 
ites of Thetford District, Quebec’: Proc. and Trans. Roy. Soc. Canada, Sect. 4, 
Vol. 25, 1931, pp. 71-4. 

* Draper, M. B., quoted in Twenhofel, W. H., Treatise on Sedimentation: 

2nd edn., 1932, pp. 604, 605. . c j- 

‘ Wilson, I. I’.. ‘Buried Topogr.aphy, Initial Structures and Sedimenta- 
tion in Santa Rosalia Area, Baja, California, Mexico’: Bull. Arrur. Assoc. 
Petrol Geol, Vol. 32, 1948, Pt. 2, pp. 1762-1807. 
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down under conditions of quiet sedimentation are sensibly 
parallel with each other, and, with the exceptions noted above, 
arc approximately horizontal. In detritus that is deposited 
rapidly from heavily laden wind or water currents, on the 
other hand, the stratification planes are often inclined at the 
angle of rest of the sediments, or regularly waved showing a 
si^oidal curve in cross-section, or irregularly waved and in- 
dined. The minor stratification planes in such deposits are 
oblique to the major bedding planes that separate the larger 
units in the sedimentary series, and the bedding is said to be 
discordant.^ The terms current bedding, cross bedding, false bedding, 
oblique bedding and inclined bedding are also used more or less 
synonymously to designate this structure, but current bedding 
is perhaps best used in connexion with deposits laid down by 
water, and exhibiting waved stratification planes. Other types 
of discordant bedding may be named according to their mode 
of origin, if determinable, as varieties of cross bedding, e.g. 
aeolian cross bedding, deltaic cross bedding, etc. 

Discordant bedding occurs in sand dunes, bars, beaches, 
deltas, fluviatile deposits, lacustrine and marine deposits sub- 

moderate or strong current action, and is also ex- 
hibited on a small scale in ripple-marked strata.* 

In deltas there are three distinct sets of deposits, the top-sel, 

and b.ds (see Fig. a). The top-sets have a low 

imtial dip, due to their being deposited on the sloping surface 
of he subaenal part of the delta. The fore-sets, which are com- 
posed of material dropped over the outer edge of the delta, 

ThrC.‘"'“'* material. 

sorLd u the finer detritus 

spread out over the floor of the sea or lake in which the delta 

198, ^ "f London, 3rd cdn., 1934, pp. 

* For genial accounts of discordant beddine, sec Andersen ^ A •'Tk- 
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was formed; they have a low initial dip, and merge with the 
base of the fore-sets in a gentle curx e. The upper ends of the 
fore-sets are either truncated by the top-sets or join with them 
in an abrupt curve. In the latter case the bedding planes are 
continuous throughout the top-, fore-, and bottom-set beds, 
and exhibit a double curve in longitudinal cross-section. 

The deposition of coarse sediments by torrential streams 
takes place by a ‘dumping’ process analogous to the building 



FIG. 2. — LONGITUDINAL CROSS-SECTION OF DELTAIC DEPOSITS 
The arrow indicates the direction of supply of detritus, i , Bottom-set beds; 
2, fore-set be^; 3, top-set beds. 

of delta forests, but the stratification is usually very irregular, 
and the top-set and bottom-set beds sub-ordinate or absent 
{torrential cross bedding). 

In the finer grades of sediment deposited from heavily laden 
currents, the stratification planes are, with appropriate rela- 
tionships between current strength and rate of supply of detritus 
to any point, sigmoidally curved (sec Fig. 3). The upper por- 
tions of these ^curved stratification planes may, however, be 
eroded off if the current strength increases, or if the supply of 
sediment decreases, so that their upper ends are ^ncated by 
the next layer to be deposited. Since this truncation can only 
occur at the top of a stratum, we have here, as with deltaic 
cross bedding, a means of determining the correct order of 



PLAIE II 
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superposition of a sedimentar>' series exhibiting discordant 
bedding. 1 The rule is to look for the truncation of the inclined 
laminae, which is always at the top of the bed, rather than for 
the concave surfaces of the stratification planes, which mav face 
either up or down (see Fig. 3). Descriptions of the use of this 
method in the field may be found in the papers cited below.* 
In aeolian or duru bedding, the fore-sets may be locally con- 
Unuous with the ‘top-sets', and show no curvature at the base, 
i his arrangement is found in dunes which are built up on both 
the windward and lee slopes (PI. II, a), and it bears a certain 


$ 



.D 
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^VITH TOP AO AND BASE L.M, COM- 

LAYERS which possess the complete CURRE.Vr-BEDDINO 

CURVE, ABCD 

p (AAer Bailey, 1930) 

“PPli^tion of the 

Ripple Mark.— Ripple mark® on sediments is caused by the 

VoL^Tmo, S'dimrnta.ion and Tectonics': Col. Mag.. 

of Deposition of the Highland 
Tectonics: PP' «-73. Baile,-. E. B., 'tVes. Highland 

PP. 462-525. Allison, A.. ‘The Dilr^Tn *934. 

Cou'cwSg PP. 

■9'9, Pp. .49.0.0, '"'oepeetatton: Amor. Joun,. Sri.. Vol. 47, 
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movement of air or water over the unconsolidated surface 
layers of incoherent deposits. The movements may be either 
continuous in the one direction (currents), or oscillatory, the 
latter being produced by waves in standing bodies of water 
shallower than wave base. A simple classification of ripple 
mark into current ripple mark and wave (or oscillation) ripple mark 
depends upon this distinction. In the description of ripple mark, 
amplitude refers to the elevation of a ripple crest above the 
neighbouring troughs, wave length to the distance from crest to 
crest, and the ripple index is the wave length divided by the 
amplitude (see Fig. 4). 



b 

c 




FIG. 4. — T^'FES OF RIPPLE MARK ON SEDIMENTS 

a, acolian current ripple mark; b, sub-aqueous current ripple mark. Note 
the greater amplitude, as compared with the wave length, of ^ sub- 
aqueous ripples, c, wave or oscillation ripple mai^; d, waN pp 
with eroded crests. A, wave length. «, amplitude. The arrows indicate the 

direction of the current in a and b. 


Current ripples are asymmetrical and move in the direction 
of the current like miniature sand dunes, the gentler slopes 
facing upstream and the steeper slopes downstream. The crests 
of well-formed current ripples are sharp, and the troughs 
rounded. With increasing stream velocity current ripples arc 
destroyed, and the surface of the sediments is thrown into large 
wave-like ripples, more or less s>Tnmetrical, which are not com- 
monly presetted in the geological column. Aeolian current 
ripples, developed on wind-blown sand, resemble sub-aqueous 
current ripples but are said to differ from them m having 
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a relatively greater wave length as compared with their 
amplitude* (see Fig. 4 ). It is not yet certain, however, that 
this difference always obtains. 

In water that is shallow enough for the deepest parts to be 
affected by movements due to waves, the water moves in an 
oscillatory manner over the bottom as each wa\e passes, 
heaping up the sand into stationary parallel ridges with sharp 
crests separated by rounded troughs. Since the sharp crests of 
well-formed wave ripples are easily distinguishable from the 
smoothly rounded bottoms of the troughs, the upper surface 
of a bed showing this type of ripple mark may readily be 

determined. Some examples, however, have somewhat rounded 

crests, and it is then impossible to use the ripple mark as a 
straugraphical criterion. Also, where ripple-marked sands 
occur within the tidal range, the retreating waves, aided by the 
wind, erode off the sharp crests, and in overturned beds these 
eroded cr«ts might be confused with shallow troughs (see 
Pig- 4)- The safest course in field work is to search for normal 
examples, one set of wave ripples with sharp crests sufficing 
^ valid evidence in determining the top of a bed. Perfectly 
foiled current ripples can also be used in the same way. 

Current npple-marked sediments generally exhibit small- 
scale current bedding, and where the wave length is constant 

grad^airsMr; 

dfun r . 'Jownstream sense, an apparent crossbedding 
dipping upstream is produced. This appearance is intensified 
and Pi'^^rcntial deposition of particles of different size 

ri;: 

the^fo 3 anri"’ plastic deformation modify 

thLgrsuch ripple mark. M- 

> F xr r ■'“‘‘‘"S of facing more 

.9.7; 56 pp ""' ““ RlPP'—f 0 ,ol. Sur.. Canada, Mus. 

Ddla’'J^'G(of Voi of Bedding in the Colorado River 

G. K., ‘Ripple marks and Cro« mentioned by Gilbert, 

*899. pp. 135-40 Vol. lo! 
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difficult, they are of interest since they afford some guide to the 
kind of internal movement that has affected strata, since the 
original form of the ripples and their associated current bedding 
may generally be approximately gaugedA 



jnc. 5. — APPARENT CROSS BEDDING, WITH PSEUDO-STRATIFICATION 
INCLINED IN THE DIRECTION OP THE SMALL ARROWS, PRODUCED BY 
THE SUPERIMPOSmON OF CURRENT RIPPLE-MARKED LA^TRS 

The current flowed in the direction of the long arrow. Coarse policies, 
which arc concentrated in the troughs of the ripples, areshovr^n by suppling. 


Rain, Drip, and Hail Impressions.— The impressions formed 
on soft muds by raindrops, drips from trees, and hailstones, may 
be preser\'ed if conditions are favourable. Drip impressions and 
those of vertically falling raindrops are circular and bounded 
by ridges of equal height all round. Raindrops, however, do not 
usually fall vertically, and they therefore generally leave ovoidal 
impressions, each having a raised edge, highest on the side 
opposite to that from which the rain came. Hail impressions 
are ovoidal, and deeper and less regular than rain imprinU. 
The upper surfaces of all these imprints being concave, and t c 
casts on the lower surface of the overlying bed convex, the top 
of a bed showing fossilized imprints can be recognized. 

Mud Cracks (Sun Cracks, Shrinkage Cracks).— With rare ex- 
ceptions, mud cracks develop only when coherent muddy sedi- 
ments are exposed to a dry atmosphere for a considerable 
time. If water carr>-ing suspended matter again rapidly covers 
the cracked mud, or if wind-borne material is deposited over it, 
the cracks become filled with sediment of a different chara^er, 
thus preserving them in a readily recognizable form. The 


» See McKee. E. D., o/». cil., 193O 
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downward tapering of the cracks gives an indication of the 
base of the sedimentary series^ (Fig- 6). 



FIG. 6. 


•RITERIA FOR PACING OP SEDISfENTS 


‘--“o-'-x'-'-c’ or satd”"' :l;7c. 


time, k'*'^ Fossils.— The attitude of included fossils can some- 
a b^d “PP" «ratigraphical surface of 

organism, L ^ ^ r“!l “ of “>o 

Sle TnH ^ readily recog- 

ooswin s h T a- ■" original growth 

posiuon, but redistributed shells can also yield information. 

varir,!i' 

prove useful in siructuraJ firM w u ° ^ to 

7-™,m ,« Twenhofd, W. H., 

sions made by Bubbles Rai ^ 669-92; also 'Impres* 

vei. 3 V; ,g“7 «“«• c»fV 
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Concavo-convex shells, for example, tend to be turned 
over by currents and waves so that their convex suriaces face 
upwards, and in shell banks subject to wave or strong current 
action the great majority of shells assume their attitude. After 
settling through quiet waters, on the other hand, shells come 
to rest with their concave surfaces uppermost, and it is neces- 
sary to bear this distinction in mind in the interpretation of 
fossil shell beds. 

It has also been noted that internal moulds formed by the 
entry into the shells of fine-grained mud from the surrounding 
sediments, are not always fully developed, but may only 
partially fill the shell cavities. In such instances, the flat 
upper surfaces of the partial moulds are parallel with the 
original bedding planes, and face the stratigraphical upper 
surface.' 

Peneconiemporaneous Structures. — Where a sandstone rests 
on an argillaceous bed, the bottom of the sandstone and the 
underlying bed may be mutually involved in small-scale struc- 
tures, in which the stratification in both beds is deformed 
(Fig. 6). Generally the base of the sandstone exhibits down- 
wardly convex lobes, with sharp-crested projections of argil- 
laceous material between them, which may extend as laminae 
for several inches into the sandstone. Such structures are due 
to the upward squeezing of the highly plastic argillite into the 
overlying sand while both were unconsolidated, and they often 
reveal, by a general asymmetry, slight differential slip of a few 
inches between the beds (Fig. 6c). Other injections are sym- 
metrical (Fig. 6d) and resemble miniature structures produced 
experimentally in imitation of salt domes.’' Hadding^ has 
attributed asymmetrical lobation of sandstone bases to sub- 

» Cullison, J. S.. ‘Origin of Composite and Incomplete Internal Moulds 
and their Possible Use as Criteria of Structure’: Bull. Geol. Soc. Atner., Vol. 49, 

1038, Pp. 981-8. . II 4 

* Nettlcion, L. L., ‘Fluid Mechanics of Sail Domes : Bull. Amer. 
Asscc. Petrol. Geologists, Vol. 18, 1934 . P- '» 75 - Dobrin, M. B., ‘Recreat- 
ing Geological Histoo' 'vilh Models’: Journ. Applied Physics, Vol. 10, 

Hadding, A., ‘On Subaqueous Slidtrs’: Geol. Foren. Stockh. FSrh., Vol. 53, 
> 93 >. PP- 377 - 93 - 
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marine slumping, and Sorby^ and Lament- have described 
somewhat similar features as a kind of ripple mark called anli~ 
dung, but where successive stratification planes are involved in 
the structures they may confidently be interpreted as post- 
depositional. They have been called JIow cast or basal sandstone 
deformations.^ Certain examples of balled-up sandstones or 
psmdonodules are of somewhat similar origin. These are isolated 
sand-rolls enclosed in a series along a particular horizon in shale 
or mudstone: each ball shows a rounded base with upturned or 
inrolled edges. Deformed stratification in the sand and in the 
enclosing shale shows that the sand sank into the shale, while 
the latter welled up beuveen isolated sand-masses. Originally 
the sand may have been a lamina, probably ripple-marked, or 
a series of incomplete ripples as small lenses. Examples in the 
Ordovician rocks of Victoria (Fig. 6e) and artificial examples in 
the slme-dumps of mines support the interpretation of Macar 
and Antun^ that balling-up took place soon after deposition. 

On the other hand, sand balls may also occur haphazardly 
lumbled in mudstone, in beds that have clearly undergone 
considerable displacement in the soft-rock stage, either by 
slumping or by squeezing under load.® 

FIow-msu and undisturbed pseudo-nodules may be used to 
indicate facing, since the rounded surfaces in both are directed 


Application of Quantitative Methods to the Study 
PP ., 1 “ Hutory of Rocks’: Vcl. 64, .gos! 

Seri^rHL^-’ ‘C“"‘'!”P«f‘‘''''>us Slumping and other Problems at Bray 

s™ rs™- '■ ■ 

— -ring in 
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Indications of the correct order of superposition of beds can 
also be obtained at local unconformities, where pebbles of 
older rocks are included in younger, and from scour channels, 
which are restricted to the lower beds and filled in wdth 
vounger deposits. The cur\*ing of strata beneath pebbles has 
also been used in the solution of involved structures.^ The use 
that may be made of secondary' structures such as cleavage and 
drag folding will be indicated in later chapters. 


2 . XO.\-DIASTROPHIC DEFORMATION 


Rock deformation is not alwa\'S due to the direct inter\’en- 
tion of diastrophic forces." Differential compaction, the drag 
of moving ice, subaqueous slumping, and collapse under 
gravity can all cause structures which may simulate those re- 
sulting from diaslrophism, and neglect of their possible effects 
may lead the field geologist astray. 

Differential Compaction. — The expulsion of water from sedi- 
ments, and the close packing of the particles by the load of 
superincumbent rock, result in a considerable shrinkage in vol- 
ume. In clays this shrinkage may be as much as 75 per cent or 
more of the original volume of the deposit,® though in sand- 
stones and limestones it is much less, Sorby giv'ing the figure as 
less than 25 per cent. If lenticular beds of less compactablc 
material, such as sand or reef limestone, are present in a series 
of clav's, the original attitude of the stratification planes in the 
clays is altered by compaction. Originally horizontal clay beds 
assume a tilt away from the interbedded sand lenses or reefs, 
owing to the fact that the shrinkage in a given thickness of claves 


> Collins, \\\ H., ‘The Gcologv- of the Go^%-ganda Mining Division’: Mem. 

Ceol. SuTT. Canada, No. 33, 19>3. Ph 3 » P- ... • j 

* The term diastrophism denotes the processes conn«ted wth major ac- 
formations of the earth’s crust, such as mountain-building, or the elev’ation, 

depression, or warping of crustal blocks. . c j 

> Sorby, H. C., ‘On the Application of Quantitative Methods to the St^y 

of the Structure and Historv- of Rocks’: Quart. Jmim. Ceol. Soc., ^ o'- • 9 <»- 
PP. 171-233. Hedberg. H. D.. ‘Gras-itational Compaction of Cla>-s ^ 

Shales’: ArL. Joam. SA., Ser. 5. Vol. 3-. >936. PP- ^^7 
bibliography). Jones, O. T., ‘The Compaction of .Muddy Sediments . Quart. 

Joam. Geol. Soc., \'o\. too, 1944, pp. i 37 - 6 o- 
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between the lenses is greater than that of an equal thickness of 

clay with interbedded sand or limestone (see Fig. 7). 

Similar effects result if the clays rest upon an uneven surface, 

the thick deposits in the hollows compacting more than the 

thinner deposits over the elevations, so that structural domes 

form over the elevations, and basins in the depressions. Such 

effects have been found to be of great significance in oil-field 
geology.! 

The compaction of sediments by compression beneath a 
tjuck mass of reef limestone develops a basin in the strata at 
the base of the reef, as described by Bather. = 
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brown coals in Germany by Pleistocene ice-shcets affords an 
excellent example of glacial tectonics (Fig. 49 e).^ 

S N 



FIG. 8 . — GLACIALLY DISTURBED UPPER CRETACEOUS SA.NDS AND 
CLAYS IN TME MUD BUTTES OF ALBERTA 

(After Slater, 1927) 

The icc moved from north to south. Length of section, 160 ft.; T.P., 
thrust planes. 


Subaqueous Slumping, Sliding, or Gliding. — hen sediments 
are deposited on a surface sloping near their angle of rest, they 
are liable to become unstable, and to slip off the floor on which 
they were deposited. This can result from the removal of sup- 
port, as for example by the reduction of water level of a lake 
in which the sediments were deposited, or from earth tremors, 
or from instability due to the added weight of newly deposited 
sediments. Subaqueous slumping frequently occurs on slopes 
greater than io“-i5% but it may also take place where the 
slope is as low as 2^°.^ It is common on submarine fault scarps, 
on the continental slope in active regions of the crust, on the 
margins of subaqueous scour channels, and in deltas. 

A slide may develop along the surface of unconformity at the 
base of an unstable sedimentary series, but more often it takes 

Assoc. Lend., \’ol. 37, 1926. pp. 392-400. Ibid., Vol. 38, 192^ pp 157-216. 
‘Structure of the Mud Buttes and Tit Hills in Alberta’: Bull. Geol. Soc. Amer., 


Vol. 38, 1927, pp. 721-30- _ ,, ,, 0 . 

> Klein, G., Die Deutsche Braunkohle-lndustrie-. Bd. I, Tl. 1, Halle, 3rd edn., 

1927 (see p. 78 jr?.). , 

» Grabau, Principles of Siraligraphy: ist edn., 1913. PP- 78 o- 5 - Iwcnliolcl, 

\V. H., Treatise on Sedimentation: 2nd edn., 1932. PP- 739 --H- 
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place along a stratification plane within the deposit. The most 
clearly recognizable structural result is comple.x deformation 
of the slumped mass, unconsolidated water-saturated beds and 
partially consolidated material yielding in different wa)'s. The 
unconsolidated superficial sediments are highly plastic, and 
are thrown into involved fold structures, while the underlying 
beds which have been partly consolidated show less complc.\ 
folding, minor thrusting, and, in some cases, brecciation. In 
the Tertiary rocks of Peru and Ecuador, thousands of feet ol 
sediments have been affected by slipping, which took place 
mainly along low angle normal faults. Displacements of the 
order of 2 or 3 miles are believed to have occurred along these 
faults, with the development of breccias, complex minor folds 
and other structures.^ ’ 

The contortion of stratification planes into complex folds 
caused by gliding is termed slip bedding (see Fig. 9). 

When a slumped mass slides down on to undisturbed sedi- 
ments it may later be covered by younger deposits. Severely 
disturbed beds will then be found between undisturbed strata, 
an arrangement that is known as inlraformational contorlion or 
corrugation. Many examples of this are known in the geological 
column. In the Ordovician rocks ofGirvan and the Kimmerid- 
gtan of East Sutherland, for example, remarkable breccias 
^ociated with strata showing slip bedding occur. Detailed 
investigations of these rocks suggest that submarine disturb- 

faulting caused subaqueous slides, in 
vhich blocks of consolidated rocks were involved, giving rise 
to the breccias.* ® ® 

Miller,® however, has criticized the interpretation of other 


'938, pp. 347-58. Brown, B. B., 

of Ancon, 

30, IMS DD ‘^'^eated Rocks-: jeum. Gtol., 

0 . *928, pp. 587-610 (with bibliography). 


Vol. 
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examples of intraformaiional contortion as being due to slump- 
ing, and deformation by moving ice, the melting of buried ice 
blocks, flow-age under gravity, the hydration and swelling of 
clays, and tectonic deformation may be mentioned among 
possible additional causes. It W’ill therefore be realized that 



6 inchti 


FIG. 9. — SLIP BEDDING IN A SPECIMEN OF ORDONICIAN SHALE 

FROM THE GIRVA.N DISTRICT 
(Aficr Hend«non. 19.15) 


the recognition of slump-structures is not easy, especially in 
highly disturbed rocks, and the criteria for it must be carefully 
evaluated in the field.* 

* See Bosivrll. P. G. H., The .\fiddU Silurian Rockj of Js'orth Wales: London, 
•949J ‘The Tectonic Problems of an Are.-* of Salopian Rocks in North- 
\Nestern Denbighshire’: Qtiarl. Journ. Geol. Soc., Vol. 93, 1937, pp. 284-321; 
Jones, O. T ‘On the Sliding or Slumping of Submarine Sediments in Den- 
bighshire, North Wales, during the Ludlow Period’: ibid., pp. 241-83; ‘The 
Geolog>’ of the Colwyn Bay District: A Study of Submarine Slumping dur- 
ing the Salopian Period’: Quart. Journ. Geol. Soc., Vol. 95, 1940, pp. 335-82. 
An excellent bibliography of soft-rock disturbances is given by Beets, C., 
‘Miocene Submarine Disturbances of Strata in Northern Italy': Journ, Geol., 
Vol. 54, 1946, pp. 229-45. See also Fairbridge, R. \V., ‘Submarine Slumping 
and Lwaiion of Oil B<^ies’: Bull. Amer. Assoc. Petrol. Geol., Vol. 30, 1946, 
pp. 84-92; Rich, J. L., *. . . Criteria for Recognition of Slop>e Depiosits . . 
ibid., V^ol. 34, 1950. pp. 717-41. 
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The somewhat similar structures, produced as a result of 

chemical changes involving an increase or decrease in the 

volume of rocks such as salt deposits and limestones, are termed 
enierolithie. ^ 

In connexion with the development of penecontemporan- 

eous structures and slumping, the possible influence of the 

thixotropy of sediments has been stressed. 2 A thixotropic mlx- 

ture of sediment with water changes from the gel condition 

to a fluid (sol) on agitation or shock, and reverts to a gel on 

standing. In mixed sedimentar>' successions some beds may be 

in a thixotropic condition and others not, a condition that 

might account for the brecciation of certain strata in slump- 
masses. ^ 


Granty-OjUapse Structures.— In south-west Persia, structures 
m Mesozoic and Tertiary sediments folded during Tertiary 
ogenesis, have been explained by postulating the collapse 
under gravity of great sheets of limestone after the removal of 
''*P3P"‘“>8 cover. These have been termed gravilycoUatsi 

intobedd H 1 ^iocuoidal fold in 

sill" and ‘•’■'oogh by ero- 

fomed Trf .r r “"'‘"■ying shales, a kn«fold is first 

structurrr« ' '' accentuated, the resulting 

s^cture rraembles the side of a house, with its sloping roof 

A ‘bccefore called a roof and wall slLlurt. 

by »Uan e df folds developed in limestone 

fec“md atin “ ^ °"C that has 

from the foTJ'‘“"' T backsLds, mvay 

com the fold axis, without fracturing. It lies with the lower 

»/ Slrodiroplg,, ist cda.. 1913, p. „6 
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beds uppermost, on the younger strata exposed in the valley 
adjacent to the arched structure. 
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pjQ, 10. — GRAVITY COLLAPSE STRUCTURES 
(After Harruon and Falcon» 1934) 

The diagrams i, 2, and 3 represent successive stag« in the dcvclopmem 
of ^ flap (sequence below A), a slip sheet (below 

C) and a encode (below D). The arrows indicate the direction in which the 
Hmesione sheets have slipped over the shales, which are shown by stipplmg. 
Vertical and horizontal scales the same. 


Rock-flowage under Gravity. — Gravity-collapse structures, 
although local and superficial, serve to demonstrate ^at com- 
plex structures may develop on a large scale by the plasuc 
flow of rocks down the flanks of elevations and into troughs. 


ru r VmiwmtUir zjkmib 
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Bain and de Terra have also demonstrated the folding of 
solid rocks by gravitational sliding, ^ but the process is given 
much wider significance by some authors, who attribute the 
folding and faulting of orogenic belts to flowage either in the 
stage of geosynclinal deposition, or later, after the upraising 
of the sediments by vertically-acting forces. Further reference 
to these topics is made in Chapter III. 
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-SUPERFICIAL STRUCTURES 

Northamptonshire (aAcr 

and’flSS^^V^i^ ihc Upper Lias Clay; B, Gulls, and ‘dip- 

D H?ll of beneath river valley. 

, HiU-crecp in vcrucal sandstones and shales, Studlcy Park, Melbourne. 
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The geological significance of superficial structures is em- 
phasized by Hollingvvorth and others in work on the North- 
ampton Ironstone Field/ where clays underlie ironstone, 
limestone, and other rocks. The harder beds, as a result of 
subsurface erosion and valley-ward outflow of the clay, develop 
various structures termed camber^ gulls, and dip-and-faull, and 
the squeezing up of clay in the valley flows where the super- 
incumbent rocks have been removed, produces anticlines 
called valley bulges (Fig. ii). Such structures must be much 
more common than has hitherto been realized, for evidence of 
the flow of soil and weathered rock down hill slopes (hill-creep) 
is ubiquitous. Hill-creep modifies the dip in the superficial 
zone, which in soft rocks may extend down for many feet. 
Surface dip-readings are useless in rocks affected by creep 
(Fig. iid). 

Salt Domes. — Where a bed of rock salt is buried beneath 
later sediments, the salt tends to rise because of its low specific 
gravity, and if the overlying beds are sufficiently plastic the salt 
intrudes them as plugs or salt domes. Complex folds in the salt 
are the result of flowage, and doming of the sediments over the 
intrusive mass, with drag effects along its margin, arc also 
formed. The forces involved are hydrostatic, and salt domes 
and related features may therefore form independently of 
diastrophism (see pp. 94-6 for further details). In areas affected 
by diastrophism, salt-tectonics may be very complex. 

» Holling^vorth, S. E.. J. H. Taylor and G. A. Kellaway, ‘Large-scale 
Superficial Structures in the Northampton Ironstone Field’: QuhtI. Journ. 
Ceol. Soc., Vol. 100, >944, pp. t-44. Hollingworth, S. E., and J. H. Taylor, 
‘An Outline of the Geolog>' of the Kettering District’: Ptoc. Geol. Assoc., 
Vol. 57, 1946, pp. 204-33. 
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the clay, which have moved relatively to each other along the 
planes separating them. These planes are termed slip planes or 
shearing planes; they occur in nvo vertical sets, approximately at 
right angles to each other and at 45® to the directions of elonga- 
tion and compression (see Fig. 17). The intersection of the 



1 7 -— TWO yrAOES IN THE DEFORMATION OP A CIRCLE 
INSCRIBED ON CLAY, SUBJECTED TO PURE SHEAR 

(Drawn from photos by Caooi, 1930) 

Note the two intersecting sets of shearing planes. 

Pl^es therefore, corresponds with the mean strain axis and 
twiauonship. which is of general application, is veT-eW 
m the interpretation of many geological structures. 

beuJe^sui^r ““‘""a'* ■■elationship 

Polished sted^«t'!,ir^ k" deformation may be observed. 

beyond thl l ? r ' to tension or compression 

^ e elastic hmit and examined by special methods of 
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illumination, reveal a pattern of dark and light bands called 
Liiders' lines or slip bands. ^ Like the shearing planes in clay, these 
slip bands intersect in the mean strain axis if a triaxial strain 
ellipsoid is developed, and the angles between them are bi- 
sected by the greatest and least strain axes, with which they 
make an angle of approximately 45®. They represent zones of 



FIG. 18. — FORMATION OF STRAIN FIGURES BY TENSION AND BY 

COMPRESSION 
(Aft€r NAd&i. FUitUity) 

B-B, slip bands, the arrows indicating the direction of movement along 
the bands. The appearance of light and dark bands on the surface is due 
to the variable angle of reflection of incident light. 


maximum grain deformation in the steel, and lie between less 
strongly deformed parts which have slipped relatively to each 
other parallel to the slip bands (see Fig. 18). Under the irucro- 
scope, it mav be seen (Fig. 19) that the t>vin and glide plane 
in the strongly deformed grains of the slip bands show a marked 


1 N^dai, A., Plasticity: New York, 1931, Chap. 16. Turner. T. H. ^d 
1 . D. jevons, ‘The Detection of Strain in Mild Steels : Joum. Iron and Steel 
Inst., Vol. 3, 1925, pp- 169-89 (with many references). 
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parallel orientation.^ Such preferred orientations of the crystal- 
lographic structure elements in deformed rocks have been the 
subject of detailed study (see Chap. VII). 



PIG. 19— UICROPHOTOGRAPH OP THE BORDER OF A LUDERS’ LINE 
EEWLOPED ON A POLISHED SPECIMEN OP MILD STEEL JUStTJIr 

YIELD POINT HAS BEEN REACHED 


(Auer Pioitiaij) 

some ^Eins now appearing daii rd“.!*e'«1‘gKSm 


bodv 'n ^ movements of the different parts of a 

is nitural f® '°‘^®‘'^od along the slip planes, it 

wu“i®d,tn is actually found to be the case 

by Dullin/a “'o materials, but fracture may also take place 
aL^nfma®v^'^ i" piancs at right-angles to the 

isticallv failTn substances in tension character- 

described ah '*'r “O'* i" iho experiment with clay 
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causes tension gashes to open in the plane of the mean and least 
strain axes. 

In compression, brittle substances fracture along planes that 
have a sinular attitude relative to the principal strain axes as 
do the shearing planes in plastic materials. We have noted that 
the angle between the shearing planes in plastic clay and in 
steel is approximately 90®, To be more specific, it is found that 
the angle that is bisected by the axis of least strain (which 
corresponds with the axis of maximum stress in irrotational 

B 

1 


t 

FIG. 20. — SHEARING PLANES IN BRITTLE AND DUCTILE SUBSTANCES 

SUBJECTED TO COMPRESSION 

A, brittle substance; the angle («) between the shearing planes enclose 
ing the axis of maximum stress (indicated by the arrows) is acute. B, ductil- 
substance: the angle (/ 3 ) is obtuse. 

strains) is acute for britde substances and obtuse for ductile 
substances (Fig. 20). This relationship, the theoretical inter- 
pretation of which we need not consider here,' is of funda- 
mental importance for the geologist, for as we have seen, rocks 
which are brittle at ordinary temperatures and pressures may 
yet be highly plastic when buried deep in the crust.* The same 
rock t>T3c observed at different localities may therefore have 

* A useful summary of the various theories of strength and plastic yielding 
is given by N^daJ {Plastidty, Chap. 12). 

* Bucher, W. H., ‘The Mechanical Interpretation ofjoints’j Joum. GtoU, 
Vol. 28, 1920, pp. 707-30; ibid., Vol. 29, 1921, pp. 1-28. 
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a different angle of shear at each, this depending upon the 
physical conditions to which it was subjected when deformed. 

Shearing Planes in Rotational Strains. — Since in rotational 
strains the position of the principal strain axes changes within 
the stressed body, the attitude of the planes along which slip 
should occur will also change. Once shearing planes are 
established, however, we are no longer dealing with a homo- 
geneous body, for these planes then constitute pre-determined 



Fic. 21.— SHEARING PLANES (s) IN A CAKE OF CLAY REffriwr 
nvo BOAROS THAT HAVE BEeV PUSHED ^ 0^0 

the direction of the ARROWS P 


{ausec OD Riedel. 1939) 


of Scaring covc^, S “dT 


directions of ease of slip for later deformation. Thus unless the 
pl^«”akead* theorodcal shearing direcdons away from the 
Lm“te^,frh‘"; ™“iderable, slip will tend to be 

about bv she strains, too, are brought 
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those along which the maximum movement is occurring is 
prevented by the slip along these latter planes, for this con- 
tinually interferes with the slip along the other set. Thus we 
find that in finite rotational strains one set of shearing planes 
is better developed than the other. 

Bending. — One of the most important types of heterogeneous 
strains in the deformation of rocks is bending. On the outer 
side of a bent plate, the stress is tensile, on the inner side, com- 
pressional, and in an intermediate position there is a surface 
neither shortened nor elongated, which is termed the neutral 
surface^ (Fig. 22). In thick brittle strata the circumferential 



FIG. 22. — BENDING OF A BAR OF PLASTIC MATERIAL 

(Adapted from Sander, Ctfuiekwtdt d*f Ctsitiru) 

Circles inscribed before deformation indicate the state of strain in Uie 
various parts of the bar. 

tension often causes radially arranged tension gashes or joints, 
which are usually best seen in anticlines. The effects of the 
compression in the cores of the folds are not often noticeable, 
but minor puckers sometimes arise in this position® (Fig. 23). 
Most rocks yield more readily in tension than in compression, 
so that the tension gashes form before the rock yields to the 
compressive stresses in the cores of folds. As the gashes form, 
the effective outer surface of the folded bed is shifted to the 
inner ends of the gashes, so that the neutral surface is moved 

^ Ickes, E. L., ‘Similar, Parallel, and Neutral Surface Types of Folding’: 
Econ. Ceol., Vol. 23, 1923, pp. 575 - 9 >- 

* Sander, B., Gtjugtkundt der Genuine: Vienna, 1930, p. 2.j8. 
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closer to the core of the fold, and the cracks extend themselves, 
until they ultimately cross the whole stratum. In this way the 
effects of compression in the cores of folds in thick brittle beds 
is reduced. 



FIG. 23.— SUBSIDIARY BUCKLING IN THE CORES OF FOLDS LN 
QUAR-ra PHYLLrre FROM INNSBRUCK, TIROL, ij APPROX. 
(Diagrammatic, after Sander, Cr/5//r*w,* 


Torsion.— A body is in torsion when it is subjected to two 
force couples acting in parallel planes about the same axis of 

■" * 4 ). Since Daubr^e’s 

hSn be r ‘“'"ion 

iott s«, - . ‘““-book*' as the chief cause of 

ir bU : « approximately 90“. Bucher, in criticiz- 

rnm 1 of the experiment,* points out that the 

mimess of the plates and the brittleness of glass, which allow 

of ml”*’'" “> ‘bo o'ben 

ine axes of maximum strain on either side of the nlate lie at 

tension galh "'*'‘‘^b are 
plate Comn^re ‘."‘o**octmg sets on both sides of the 

rocL’ suX a^ ^ f conditions may, however, exist in brittle 
Pi.’.w • ’ occurring in relatively thin sheets. 

under interpreting the conditions 

bserved rock structures were developed it is 

* See references on p. 99. 


42 OUTLINES OF STRUCTURAL GEOLOGY 

essential to understand the physical state and properties of the 
rocks at the time of their deformation, which may range from 
fluid to rigid solid. While this is obvious in the case of igneous 
rocks, the conditions with sediments are also complex, since 
the properties of such rocks are profoundly affected by the 
changes they undergo in different environments. 



FIG. 24. — TORSION OF A PLATE 

Circles drawn before deformation on the face ABCD are changed into 
ellipse as shown. Tension gashes g develop on the face ABCD. On the face 
opposite this, the ellipses are drawn out at right angles to those shown, and 
the tension gashes develop at right angles to g. 

A sedimentary rock in which the grains are cemented by 
secondarily introduced bonding material such as silica, car- 
bonates, or iron oxides may be brittle, whereas the same rock, 
if uncemented, may be plastic. The presence of pore-water in 
sedimentary rocks in which the grains are not cemented results 
in hydroplasticity as in wet clay.' On dehydration, clay becomes 

* Term introduced in Shrock, R. R., Sequence in Layered Rocks: New York 
*949. P* *52. 
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less plastic. The strength of loose granular materials such as 
sand is greatly reduced if the water content attains a certain 
value, at which pressure is transmitted largely through the 
pore-water rather than from grain to grain. Thus in normal 
sedimentary rocks containing sand and clay, structures may 
develop before diagenesis is complete, that is under soft-rock 
conditions, and subsequent lithification by cementation and 
other processes may then indurate the rocks so that, to make 
them plastic a second time, quite severe changes in the environ- 
ment would be required. There is reason to believe that strong 
folding of many sedimentary successions took place before 
complete lithification^ and thus under conditions in which the 
rocks must be regarded as more or less loose granular aggre- 
gates rather than as solid bodies. In the flowage of strongly 
bonded rocks, the individual crystal grains are involved and 
tl^ effects of ciystal-plasticity, visible under the microscope, 
^ord information on the strain which the rock has undergone. 
This js more fully discussed in Chapter VII. 

cJ f; Silurian Rocks of the Studlcy Park District’: Proc. Roy. 

iof. Kfc/., Vol. 53, 1941, pp. ,67-91. ' 


Chapter III 

MAJOR CRUSTAL STRUCTURES 

I. THE TECTONIC FRAMEWORK OF THE CRUST 

OUR knowledge of the structure of the earth’s crust is derived 
largely from the continents, which constitute one of the first- 
order tectonic elements of the earth, the other being the ocean 
basins. From late Pre-Cambrian time onwards there may be 
recognized in or marginal to the continents, two types of 
regions of markedly different geological history and tectonic 
significance — the mobile belts^ and the resistant blocks or 
crotons. Geological mobility is attested by earthquakes, igneous 
activity, strong deformation of rocks, and elevation or depres- 
sion, which the mobile belts e.xhibit in various degrees. 
Depressed zones that receive thicknesses of sediments very 
much greater than adjoining regions are geo^mclineSj^ and 
elevated zones either within geosynclines or bordering them, 
geanticlines. Both are typically associated with mobile belts, but 
geosynclines, because of their thick sedimentary' filling, are 
preserved in the geological column and bear witness to the 
existence of former mobile belts. 

During Palaeozoic and later time, certain persistent zones 
of great mobility may be traced virtually continuously as belts 
of world-\vide extent, in which after preliminary stages includ- 
ing sedimentation, volcanic activity and complex oscillations, 

* Bucher, W. H., Tfu Deformation of the Earth^s Crusix Princeton, 1933* 

* The word ‘gcosynclinc* has been used in a wide variety of connotations, 
an excellent review of which is given by Glaessncr, M.F, and C. Tcichcrt, 
'Geosynclincs: A Fundamental Concept in Geolog>*’: Amer. Journ. Sci.9 Vol. 

*947, PP- 57*-9»- 
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folding, faulting and uplift gave rise to mountain chains. The 
uplift of such chains appears to take place chiefly by vertical 
movements after strong deformation of the geosynclinal sedi- 
ments, and indeed the Palaeozoic compacted mobile belts 



pro. 25.— GENERALIZED MORPHO-TECTONIC MAP OF THE LAND 

AREAS OF THE GLOBE 

A. Shields and tables, shown by stippling. 

I, Russian table and Baltic shield; 2, Siberian shield ( Angaradand) ; 
3. Siman tables; 4, Indian shield; 5, Ethiopian-Arabian tabic; 6, Karroo 
Ubie; 7, \\cst Afncan shield; 8, Australian shields and blocks; 9, Cana- 
shield; 10, Brazilian shield. ^ 

p n u and Tertiary orogeny, shown in solid black. 

Li. DClcs of Palnoozoic orogeny^ blank. 

correspondence of existing mountain chains ol Alpine 
tST^i^ ik! Teruap' erogenic belts; of ranges of lesser eleva- 


are co^only rejuvenated by uplift associated with faulting 
M m the Appalachians, the Urals, and the highlands of eastern 
Australia^ (Fig. 36). Mobile belts of the above type are 

nn Appalachians see Keith, A., Bull. Geol. Soc. Amtr., Vol. 34. 1923 

PP Kfbcr. L., D„ B.U E,d.\ Bcrl"' I 
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orogens, with which the cratons may be sharply contrasted.' 
Cratons are the relatively stable blocks that comprise the major 
portion of continents, and perhaps also of the ocean basins, 
where belts of greater mobility such as the Mid-Atlantic Swell 
may also be recognized. The larger cratons have cores or 
nuclei of Pre-Cambrian rocks, which form broadly arched 
plateaux and are therefore known as shields^ but these may be 
covered in places by little-disturbed younger rocks, thus con- 
stituting tables {see Fig. 25). Smaller areas of Pre-Cambrian 
rocks are termed blocks. The deformed rocks of older 



no. q6. — BLOCK 01AGRA.M OP PORTION OP THE EASTERN AUSTRALIAN 
HIGHLANDS — A REJUV'ENATED PALAEOZOIC MOBILE BELT 

Showng the crystaJlinc basement, the folded rocks of the compacted 
mobile belt, ajid a partial cover of younger rocks, the whole being affected 
by Cainozoic warping and faulting. 


orogens, buttressed with igneous intrusions, are welded to 
the nuclei and act as part of the cratonic regions for younger 
orogens. 

Orogens and cratons are clearly recognizable in the Upper 
Proterozoic, and even in older Pre-Cambrian rocks there are 
local indications of similar features, but zones of world-wide 
extent are not known. Archean rocks are cvery\vhere strongly 
folded and faulted, and the tectonic conditions accompanying 

* The terms resistant block (or mass), stable block, or rigid block arc approxi- 
mately synonymous with cralon. The term orogen is here used without the 
special significance given to it by Kober (see p. 60). 
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their deformation were, very likely, different from those of 
later periods.^ 

Earth-movements producing strong folding and reverse 
faulting indicative of compression have been termed orogenic 
movements, since such structures are found in many mountain 
chains, and the broad warping and vertical displacements of 
cratons are termed epeirogemc movements.* In some young high 
mountain chains, however, folding is subordinate to vertical 
uplift, 3 and the folding of orogenic belts is regarded by some 
geologists merely as a consequence of vertical movements 
either during or after the geosynclinal stage (see pp. 64-6). 
Again, fracturing, warping, folding, uplift, and depression are 
exhibited in all degrees of intensity and some epeirogenic-type 
movements in cratons are possibly causally connected with 
orogenic-type movements in mobile belts. The distinctions 
between the two types lie firstly in the wide regional effects of 
epeirogenesis and the narrow zonal effects of orogenesis; the 
great intensity of structural development in orogenesis, as 
against the less violent movements of epeirogenesis, and the 
predominance of vertical movements in epeirogenesis, and of 
lateral movements in orogenesis. 


2, TECTONIC PATTERNS 

Regular geometrical relationships between the structural 
teaturcs of broad regions or even of the whole earth have been 
recognized by several authors. Lothian Green’s Tetrahedral 
I hcory, propounded in 1875, still affords the only explanation 

concerning early Pre-Cambrian tectonics will be 

Origin of Continents and 

1 ^ 1 ^’ pp* ^3 *-42; Hills. E. s., ‘Some Aspects of the 

hS G F s Vol. 79. .946. pp. 67-9.; 

• Gnbef; r ^ ofConUna^is by Coni^cticn: London. ,947. 

p. 340 ’ *’ G<ol. W, Mon. No. ,890. 

du mV. 'dc 1 WA?"'* T‘"n L-> Ta Structure 

T W E r ^ Frante^ Vol. i8, 1948. David. 

London, .mo. ’ 
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ex hypolhcsi of many major earth-features, including the pre- 
ponderance of land in the northern hemisphere, the relative 
positions of continents and oceans, the antipodeal relationships 
of land and sea, and the existence of the great south-pointing 
peninsulas such as South America and South Africa. Green 
suggested that a contracting earth with a relatively rigid crust 
would tend to assume that regular geometrical form, the 
tetrahedron, which has the largest area per unit volume. The 
continental blocks, which are elevations on the body of the 
earth, correspond with the corners of the tetrahedron, the 
oceans with its faces, although the deviation from a spheroid 
is, in fact, ver)' small.' Processes involving the earth as a whole 
must be invoked to explain any world-wide system of genetic- 
ally related structures, and thus Bucher- suggests that the 
pattern of the great mobile belts may be explained by crustal 
tension, which, he believes, alternated with compression 
according to variations in the volume of the subcrusial layers. 
On the other hand, several attempts have been made to 
recogni2e a world-wide pattern in features such as faults, 
fractures, and major relief forms, for example continental 
margins and submarine ridges. Such structures are termed in 
general lineaments. The existence of a pattern among lineaments 
over broad regions is readily seen — for example in the great 
rift valley systems (Fig. 42) or on a grander scale in the 
parallelism between the coasts of \Vest Africa and eastern 
America, as also between these coasts and the Mid-Atlantic 
Ridge. From a statistical analysis of lineaments, Vening 
Meinesz postulated the existence of a global pattern forming 
a network in ^vhich two conjugate shear directions in the 
NE.-SNV. and N^V.-SE. quadrants are concerned.® He sug- 
gests a causal connexion with displacement of the poles, 
and on this premise deduces a hypothetical shear pattern, 

* The theory is discussed by Bucher, \V. H., The Deformalion of the Earth's 
Cfiut: Princeton, 1933, pp. 464-8, and by Steers, J. A., The Unstable Earth: 
London, 1932. 

* ‘The Pattern of the Earth’s Mobile Bells’: Journ. Geo!., V’ol. 32, I 924 » 
pp. 265-90; also op. eit., 1933, Chap. I\’. 

^ ‘Shear Patterns in the Earth’s Crust’; Trans. Amer. Geoph^s. Union, VoJ. 
28, 1947, pp. 1-61. 
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controlled by certain demonstrable lineaments, to which others 
should conform. 

It is true that on the continents, major lineaments form a 
network in which two apparently conjugate trends are domi- 
nant, although others may also be present. This has been 
recognized in Europe,^ Africa,^ and Australia,® and is applic- 
able also to other large areas.* But in the continents, and also 
in the oceans, meridional and east-west structure lines are 
important (as for instance in the Laurentian Shield, Central 
Australia, and the Urals) and these, as well as other important 
directions, are inadequately accounted for in Vening Meinesz’ 
network.® Considerations that affect the establishment of any 
such world-pattern are inhomogeneity of the crust, including 
possible differences between large areas such as the Pacific 
Basin and the various continents and oceans, the existence of 
lineaments of different origin, some being tensional, others 
compressional; differences in age among lineaments and the 
recognition of trends due to secondary forces and effects. 
Although the structural geologist working in a small region 

* Karpinsky, in a series of papers, was among the first to demonstrate 

importance of conjugate lineaments. See ‘Ocherki Geologicheskago 

Proshlago Eyropeiskoi Rossyi’; Acad. Sci. U.S.S.R., Moscow, 1947 {Scientific 
Popular Series). Schwinner, R., ‘Die Konsequenz in der tcktonischen Ent- 
^klung’: i6th InUrnat. Geol. Congr., U.S.A., Rept. Vol. 2, 1936, pp. 983-92 
^Remonstrated such lineaments in western Europe. See also Cloos H 
J^ndschollen und Erdnahtc’; Ceol. Rundseh., Vol. 35, 1948, pp. 133-54;’ 
The Ancient European Basement Blocks’: Trans. Amer. Geophys. Union, Vol! 
29. >948, pp. 99-«03. Cizancourt, H. de, ‘Quclques problimcs de tectonique 
giometnque’: Rev. Inst. Franc, du PitroU, Vol. 2, 1947, passim, arrives at an 
orof^mamte network representing the distribution of the principal stress axes 
rathtt than of definable fractures or folds. 

* Krenkel E., GeologU A/rikas: Berlin, Vol. 1 , 1 925, Fig. 4. Cloos, H., ‘Zur 
Orosstektonik Hochafrikas und seiner Umgebung’: Geol. Rundsch., Vol 28 
*937. pp. 333-48. 

Aspects of the Tectonics of Australia’: Pw. Roy. Soc. 
c’ PjP- ‘Tectonic Patterns in the Earth’s Crust’: 

NorthVT^ ^ ^ ‘Tectonic Framework of 

pp. America*: Pu//. Amer. Assoc. Petrol. Geol.. Vol. 30. 1946, 

iriv ■”* ^ Hague, 1 947. pp. 304-8, 

gives a valuable discussion on the subject. 
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may be very much concerned with the latter, the recognition 
of broader structural controls is of fundamental importance, 
and may be of direct economic importance.^ 

Concerning the age of lineaments, although it is obvious 
that various major features such as geosynclines have shifted in 
position and varied in their mobility during geological time, 
almost all authors are agreed that a complex system of fractures 
affecting the earth was initiated at an early period, not long 
after the formation of a solid crust, and according to Cloos and 
others- the Pre-Cambrian basement is divided into parallel- 
sided blocks between which lie mobile geosutures. Much of the 
orogenic deformation of later time is localized in the geo- 
sutures, the trends of which thus influence younger structures. 
These latter are commonly parallel with the block-edges, 
but may also form obliquely, according to the direction of 
relative displacement of adjacent blocks (see pp. 61-3). The 
intricate trends of the European Alps, which combine recti- 
linear and strongly arcuate features, may be explained on this 
basis. 

Resurgent Tectonics. — It is well known that faults of great 
antiquity may be rejuvenated under later stress, and in fact 
any large structural element in the crust, in which the rocks 
are markedly different from the surrounding masses, con- 
stitutes a feature that may influence structures of subsequent 
origin. Thus the application of idealized concepts such as the 
strain ellipsoid must be modified by inhomogeneities of the 
crust, which is very far from being an isotropic material. 
Ruedemann,® from a study of Pre-Cambrian trend lines 
(chiefly foliation and major fold trends) showed that the funda- 
mental framework of continental structure is outlined by the 

* See c.g. Billingsly, P. R., and A. Locke, ‘Structure of Ore Districts in 
the Continental Framework’: A.J.M.E. Spec. Pub. 51, 1939. 

* Cloos. H., ‘Zur Grosstektonik Hochafrikas und seiner Umgebung’: Gtol. 
Rundsch.y \'ol. 28, 1937, pp. 333-48; ‘Grundschollcn und Erdnahtc’; ibid., 
Vol. 35, 1948, pp. 133-54. Schwinner, R., ‘Die Konsequenz in dcr tek- 
tonischen Entwicklung’: iGUi InUrnat. Geol. Congr., U.S.A., Rept. Vol. 2, 

1936, pp. 983-92. . , V 

* ‘The Existence and Configuration of Pre-Cambrian Continents : 

SlaU Mus., Bull. 239-40, 1920-21, pp. 67-152. 
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trends of foliation, folds and shear zones, which have, presum- 
ably, influenced the younger structural lines (Fig. 27). This 
relationship receives a partial explanation on the hypothesis of 
basement blocks, since trends in the weak zones bordering 
these will for the most part parallel the blocks, and be repeated 
at various epochs including the later Pre-Cambrian. However, 



PIG. 27.— PRE-CAMBRIAN TREND LINES IN AFRICA 
(Compiled from wlous sources) 


even Archaean trends are, with notable excepUons such as the 

Ganad' f ‘he Grenville belt to the Laurentian in 

^da. reflected m later structures, as U well seen in India, 

lineaments of different ages are not parallel, they are often at 
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right angles or nearly so, oblique relationships being much 
rarer. This, and the sharp deflections in trends of all ages, 
are readily explicable if the basement blocks are conceived 
to be surrounded by partial frameworks of folds which lead 
to sharply divergent trends of the same or of different ages. 
While such relationships are reasonably based for many con- 
tinental regions, other features, especially of the oceans, the 
great mobile belts and the Pacific margins, have geometrical 
properties directly related to surfaces that, it is now known, 
affect the subcrustal layers at least to a depth of 700 Km. 

The observation of Sollas^ that island and mountain arcs 
closely approximate to small circles of the globe \vas inter- 
preted by Lake^ to imply that they represent the intersection 
of thrust planes with the earth’s surface. His vdews are generally 
substantiated by later geological and geophysical evidence,^ 
scismological data on the depth of origin of earthquakes in- 
dicating that the foci lie in zones, which, as is especially clear 
in the western Pacific, dip beneath the continental margin 
and, at least in the crust if not in the substratum, are of the 
nature of thrust faults.'* The centres of the small circles lie very 
close to two great circles, one circum-Pacific, the other cor- 
responding with the Alpinc-Himalayan mobile belt, and it 
seems that the smaller features may well be related to essenti- 
ally vertical earth fractures on these great circles, the geometry 
of which has long been recognized. Boutakoff^ demonstrates 
too that other lineaments, especially the volcanic lines of the 
North Pacific, and fracture belts such as the Red Sea, arc arcs 
of great circles. 

* Sollas, W. J., ‘Tlic Figure of ihc Earth’: Quart. Journ. Geol. Soc. London, 
\'ol. 59, 1903, pp. 180-8. 

* Lake, P., ‘Island .-Vres and Mountain Building’: Geo^r. Joum., Vol. 78. 

1931, pp. 149-60. ^ ci-.M*. 

’ See e.g. Wilson, J. T., ‘Some Major Structures of the Canadian hhicta . 

Canadian .\fin. & Met. Bull., \'ol. 52, 1949, pp. 231-42- 

* On the tectonic significance of the scismological data see Gutenberg, B., 

.and C. F. Richter, The Seismicitj of the Earth and Associated Phenomena'. Prince- 
ton, 1949. ^ J 

» ‘The Great Circle Stress Pattern of the Earth, etc.’: tSlh InUmat. Oeot. 

Congr., London, 1948, .Abstracts, p. 82. 
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In the extant pattern of the earth we may recognize firstly 
many features of great antiquity, especially in the condnents. 
Younger structures are determined in part by the influence of 
these old trends, and in part by new tectonic influences. Many 



FXO. a8. — PATTERN OP FOLDED BELTS 


(ARer J. T. Wibon) 

‘‘•E.) lowing 

centres, and two great aides through^cir 


circular arcs approximate to great 

have at all times hp»» ^ ^ small circles. Continental margins 

“lajor crustal flexureTa^^^Wn * tectomc features with which 
have been linked. ractures, and geosynclinal troughs. 
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3. CHIEF TYPES OF CRUSTAL ARCHITECTURE 

The structures developed in a rock mass are determined by 
its physical properties and the system offerees that acts upon 
it. Owing to the general similarity in the nature of the rocks 
and of the forces that act upon them, in regions whose tectonic 
setting is broadly similar, comparable structures are developed 
in such regions in different parts of the world. For general de- 
scriptive purposes, and subordinating differences in detail, the 
chief ty'pes of crustal architecture may be classified as follows: 

1. Nappes or Dec ken. 

2. Normal folds — with or without thrust faults. 

3. Plains type of folds. 

4. Fault-folds {Bruchf alien). 

5. Fault blocks. 
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PIC. 29. — SKETCH SECTIONS ACROSS THE NORTH -WXST HIGHLANDS OF 
SCOTLAND, SHOWING THRUST NAPPES AND IMBRICATE STRUCTURE 

(Afler WilU. Phjti^iraphi^al Etolution of Btiiain) 

M.S., Moinc Schbts; C., Cambrian; TOR., Torridonian; L.G., Lcvvbian 
Gneiss; G.T., Glencoul Thrust; B.T., Ben More Thrust; M.T., Moinc 
Thrust. Inset, details of the imbricate structure. 


Nappe Structures. — A nappe (Fr.) or Decke^ (Gcr.) is a sheet 
of rocl«, of large dimensions (of the order of miles), that has 

^ It should be noted that the terms nappe and Decke arc used in French and 
German respectively for any covering sheet of rock, such as a layer of gravels 
or a basalt flow. In English, however, they are used only in a tectonic sense. 
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moved forward for a considerable distance (again of the order 
of miles) over the formations beneath and in front of it, finally 
covering them as a cloth covers a table. A nappe may be either 
the hanging wall (see p. 1 14) of a great low-angle overthrust 
{thrust nappe, Vbersehiebungsdecke; see Fig. 29), or a recumbent 
fold {fold nappe, Ober/altungsdecke; see Fig. 30), of which the 



2 



wo* 30* development of a fold nappe by the shearing 
through of the middle limb op a recumbent fold 

(After Heim, from Heritich. T/ii Xappt Thtvrj in tht Alps) 

a technics, a fault developing in the reversed limb of 

E B replacing a normal limb a lag (sec Bailey, 

- 9 <>i - 934 . P. 467; also sj,’. 

otouana, Explanation of Sheet 53, 1916, pp. 5-28). 

completely sheared out as a 
ttmt of the great horizontal translation. Classical regions of 
nappe structure are the Highlands of Scotland (Fig. 29) and 

^ ^**'^*' well-known areas arc the 

^ocky Mountains and the Himalayas.^ 

PHAN s« pp. 1 1 7-20, and the following works; euro- 

Boswell) • (translated by P. G. H. 

Undon. 1929. CoUet. L. W.. The Siruelure c/ihe Alp,: London, ist 
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In the Western Alps nappe structures have been deciphered 
in intimate detail, and a succession of tectonic zones diifering 
in the type and intensity of deformation across the folded belt 
is clearly recogmzable (see Fig. 31). Of the nappes themselves, 
the Pennine group originates in a zone of roots, where all rock 
structures are vertical or nearly so, and deformation is ver\' 



PIC. 31.— GENERALIZED SECTION SHOWING THE SUPPOSED 

STRUCTURE OP THE ALPS 
(AAer Argand, from CoUet, T/u Simeiurt of tht Alps) 

I. The ForeUmd or Eurasia. — a, cr>’staJlinc wedges; b, swelling of the 
crystalline basement; c, undeformed ciystalline basement, 
a. T he Pennine nappes, which represent the western Alps. 

3. B sic rocks. 

.j. The Hinterland or Africa, out of which the eastern Alps have been 
carved. 

Strong. The rocks of these nappes have travelled far from their 
original position, and arc therefore termed exotic. North of the 
axial belt of Pennine nappes, a zone of Hercynian massifs, 
sheared into crystalline wedges, affords the roots of nappes in the 

edn., 1927; 2nd cdn., 1936. Bailey, E. B., Tectonic Essays mainly Alpine: 
Oxford, 1935. SCOTTISH highlands — Peach, B. N., andj. Home and others, 
‘The Geological Structure of the North-West Highlands of Scotland’; Afem. 
Ceol. Sure. Great Britain, 1907. Peach, B. N., and J. Horne, Chapters on the 
Geology of Scotland: London, 1 930. Bailey, E. B., ‘The Structure of the South- 
West Highlands of Scotland’; Quart. Journ. Geol. Soc., Vol. 78, 1922, pp. 
82-131; ‘The Glencoul Nappe and the Ass>'nt Culmination’; Geol. Mag., 
Vol. 72, 1935, pp. 151-65: ‘West Highland Tectonics; Loch Leven to Glcn- 
roy'; Quart. Journ. Geol. Soc., Vol. 90, 1934, pp. 462-525. Bailey, E. B., and 
H. B. Maufe, ‘The Geology of Ben Nevis and Glen Coe’; Afem. Geol. Sun. 
Scotland, No. 53, 1916. rocky mou.vtains — Flint, R. F., ‘A Brief Review of 
Rocky Mountain Structure': Journ. Geol., \’ol. 32, 1924, pp. 410-30. Keith, 
A., ‘Structural Symmetry in North .\merica’: Bull. Geol. Soc. Amer., Vol. 39 * 
1928, pp. 321-86. 
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High Calcareous Alps that have not travelled far and 
termed parantochthonous. 

Further north in the Juras, and on the south in the Dinarides, 
thrusting and folding affect rocks that remain virtually in place 
as auUxkthonous features, although in the Pre-Alps exotic nappes 
override the autochthonous Mesozoic sediments. 



tv « ^auMiiWHAT GENERAUZED) 

IN THE FOLDED ZONE OP THE APPALACHIANS ' 

(After WiUi», 1693) 

with the recumbent and highly complex folds of the 
Typical examples of normal folding are afforded by the 

for frmuMal /M no longer in general use as a synonym 

■bove, - -bo sense ^csl^ 
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Appalachians and the JurasA The Appalachians represent the 
deposits ofa geos> ncline, in which the strata have been thrown 
into long, narrow, parallel folds (see Fig. 32), often overturned 
and overthrust. The dominant t>'pe of fold is of the order of 
tens of miles long and single miles wide, ‘sweeping in gentle 
cur\-es with the trend of the belt’ (\\'illis). 

The Juras lie on the foreland^ of the Alpine geosyncline. 
Their cr^’stalHne basement is not folded, but the overlying 
Mesozoic and Tertiary’ beds have been sheared over it and 
folded independently. This is the decolUment of the folded Jura, 
which was facilitated by the presence of the plastic Anhydrite 
formation in the Middle Muschelkalk at the base of the 
sedimentar>' cover. Thrust faults occur, and thefolds are usually 
subrectangular in cross-section, widely spaced anticlines being 
separated by flat-lying beds in the relatively undisturbed 
synclinal troughs (Fig. 33). This type of fold is termed a 
Kojferjalt [box fold). 

As will be shown later (pp. 1 24-9), thrust faults develop by a 
variety of mechanisms in folded strata, so that regions of 
normal folding are often regions of thrust faulting. The faulting 
may take equal rank with the folding in structural significance, 
as in the Clowgill Burn section in the Ordovician rocks of 
Lanarkshire^ (see Fig. 34). In less intensely folded beds, or 
with rocks of different physical properties, even if strongly 
folded, thrust faults may be absent. 

Structure of Orogens. — Deformation connected with the 
Alpine orogeny in Europe exhibits \vell-defined tectonic zones 
parallel to the general trend of the orogenic belt. Such zoning 

* Keith, A., ‘Outlines of .Appalachian Structure’: Bidl. Geol. So(. Amer., 
Vol. 34, 1923, pp. 309-80: ‘Structural Symmeuy in North America’: ibid., 
Vol. 39, 1928, pp. 321-86. Willis, B., ‘Mechanics of Appalachian Structure': 
13th Arm. Hepi. U.S. Gfol. Sure., Pt. 2, 1893, pp. 217-81. For the Juras see 
Collet, L., The Sirwture of the Alps: London, 1927, pp. 127-46, with full 
bibliography. 

* The foreland is the resistant block towards which die geos>-nclinal sedi- 
ments move when compressed: the hinterland is the actively moring block 
which forces ilicm towards the foreland. If both blocks move equally this 
distinction breaks down. 

* Peach, B. N., and J. Home, ‘The Silurian Rocks of Britain’: Mm. Geol. 
Sure., Vol. t, 1899, p. 282. 
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is a feature of all orogens, and according to Kober a sym- 
metrical arrangement is normal, with bordering ranges on 
either side of a central, relatively undisturbed, region of 
betwixt-mountains, termed the median mass^ (Fig* 35)* In Peach’s 
view the Scottish Highlands also show bilateral symmetry',* 
but the majority of deformed belts are asymmetrical, as in the 
western Alps (Fig. 31). Both types of structure .are generally 
thought to have originated from horizontal compression of the 
geosynclinal sediments between the neighbouring rigid blocks, 
by a vice-like mechanism. This concept derives from the 



FIG. 35. — BLOCK DIAGRAM! OF PORTION OF A TYPICAL OROGEN 

ACCORDING TO KOBER 
(After WUb, Physiograpkuai Evolution cf Britain) 


classic experiments of Hall on folding,® but it is also suggested 
that folding may result from horizontal shearing movements 
between the resistant blocks bordering the geosyncline. Experi- 
mental studies on the development of fold structures have 
shown that folding can result from such movements,* but the 

• Kober, L., Der Bau der Erde: Berlin, 1928, p. 173. 

• Peach, B. N., and J. Home, Chapters on the Geology of Scotland: Oxford, 
1930, Fig. 27. 

’ Hall, J., ‘On the Vertical Position and the Convolutions of certain 
strata, and their relation with Granite*: Trans. Roy. Soe. Edinburgh, Vol. 7» 

>8*5. P* 79* . ^ 

• Mead, tV. J., ‘Notes on the Mechanics of Geologic Structures : Joum. 

Geol., Vol. 28, 1920, pp. 505-23. Leith C. K., Structural Geology: New York 
(revised edn.), 1923, p. 192. 
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arrangement of the folds within the deformed zone is character- 
istically different from that in a zone of soft rocks deformed by 
direct compression (see Fig. 36). In folding by direct compres- 
sion, the direction of greatest relief is upwards, the least strain 
axis is in the direction of the active forces, and the mean strain 
axis is horizontal and at right angles to this direction. The fold 
axes are parallel to each other, and at right angles to the 
deforming forces. They are relatively long, and in geosynclines 

A B 



PIO, 36. — FORMATION OP FOLDS IN PARAFFIN WAX 


(AA«r Meftd, i^ao) 

nf “e parallel to the 

wmpr«£n a* "8^1 angles to tfic direction of 


would be p^llel to the margins. On the other hand, experi- 
ment^ studies have shown that in material subjected to 

which are arranged en 
Mm wi^n the deformed mass, with the fold axes at 45° to 

Sre^o^T f at right angles to the 

direction of shortemngi (see Fig. 36). Thus, if the resistant 

logic*S^Ij.*7^‘’cw' Stresses producing given Geo- 

'The Strain Pir^j Gw/., Vol. 36, igaS, pp. 75-^4. Chamberlin, R. T. 
W T ‘Vft» and Appalachian Structiires': ibid., pp. 85-00 Mead* 

’p^““ “3*' ^“"anies of Geologic Smicnues': ie^'. 
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blocks on either side of a geos^ncline move relatively to each 
other in a direction parallel with the axis of the geosyncline, a 
similar arrangement of folds en echelon would be expected to 
develop. This is not found in the Appalachians, where the folds 
are long and parallel to the borders of the geosyncline, so 
that, in all probability, the folding there was due to direct 
compression. 

The importance of horizontal shearing movements has, how- 
ever, been urged by those who have studied the young 
mountain chains of the western Pacific regions, where the 
arrangement of the mountain arcs is readily explained by com- 
binations of direct compression, horizontal shear, and torsion 
about a vertical axis.* The various patterns of folds obscr\-ed 
in eastern Asia have been reproduced by Lee in experiments 
with softened tracing paper manipulated in various ways on a 
polished board.® The chief types of pattern he recognizes are 
shown in Fig. 37. 

It is realized, moreover, that a simple \’ice-like mechanism 
is inadequate to explain folding in a belt some scores or even 
hundreds of miles in width, since soft rocks could not transmit 
stress over such distances; and again, the compact basement 
on which the sediments rest cannot fold in the same style as 
these, so that some different response of the basement rocks to 
stress has to be postulated and accounted for. In this connexion, 
Argand® visualizes a general plastic flux in the basement, 
which yields hy plis du fond and by low-angle thrusts, in response 
to which the cover deforms differently, hy plis de couierture. The 
Juras afford a classic example of a sharp distinction between 
superficial and deep tectonics, where the basement is still rigid, 
and Aubert^ has argued that the local zones of strong folding 
in the Juras originate above high-angle thrusts in thccr^'stalline 

* Tokuda, S., ‘On the Echelon Structure of the J.'ipancsc Archipelagoes’: 
Jap. Journ. Geol. Geog., Vol. V, 1926-7, pp. 4 «- 76 * 

* Lee, J. S., ‘Some Characteristic Structural Types in Eastern .*\sia and 
their bearing on the Problem of Continental Movements’: Geol. ^fag., Vol. 
66, i^2Q, passim. 

’ Argand, E., ‘La Tcctonique dc I’.Asie’: Congr. Geol. Inlemat., Session 13, 
Belgium, 1922 (1924). 

* Aubert, D., ‘Le jura’; Geol. Rundsch., Vol. 37, l9-t9, pp. 2 -> 7 . 
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basement (Fig. 33). The origination of folds in buried thrust 
blocks is recogni2ed in the autochthonous nappes of the Alps 



PIC. 37. — CLASSIFICATION OF STRUCTURAL TYPES ACCORDING TO THE 
arrangement op major folds AND THEIR PROBABLE MODE OP 
ORIGIN. THE ARROWS INDICATE THE PRINCIPAL DIRECTIONS OP 

MOVEMENT 


(Aficr L^c, 19^9) 

A* DifTcrent forms of xi (Greek () structure. 

1, parallel xi type; 2, parallel xi type with tear faults f, f; 3, con- 

R n:^ ^ anterior ends, p and p', posterior ends. 

o. Uiifcrcnt forms of nu (Greek v) structure. 

n n o- *’ ordinary type of nu; c, spiral-like type. 

U Uifferenl forms of eta (Greek 17) structure. 

I, elongate form; 2, broad form; c, cranium: Cr, crown: i, limb. 


and in New York/ and as a general concept has much to 

commend It. The connexion of folds with normal faults is also 
recogmzcd (see pp. 67-9), 

In Argand’s synthesis of the western Alpine structure, the 
requu-ed shortening of the crystalline basement is achieved by 

YorJ^Pt County. New 

K. Pt. 1 . BuU. Gtol. Soc. Amer., Vol. 47, 1936, pp. 685-774. 
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major overthrusting of the African block over the European 
block, so forming a great sledge {iraineau ecraseur). The concept 
of over (or under) thrusting is inherent in many theories of 
orogenesis^ and receives support from seismological evidence, 
especially for young mountain arcs marginal to continents. 

Another theory of tectogenesis, based largely on the study 
of gravity anomalies in the East and the West Indies, accounts 
in an entirely different way for the shortening of the basement 
by the postulate of a great downward buckle of the granitic 
layer which becomes isoclinally folded to form a tcclogene while 
the sedimentary cover is skimmed off it and develops complex 
structures independently.® Experimental studies by Griggs 
support the hypothesis, and also indicate that the downbuckle 
may be formed as a result of the drag of subcrustal convection 
currents on the base of the granitic layer (Fig. 38, a). A mech- 
anism involving convection currents and the downward drag 
of the granite layer is also postulated by Holmes.® 

In the theories outlined above, lateral displacements of the 
crust of the order of many miles are postulated, although of 
lesser amounts than are conceived in the hypothesis of con- 
tinental drift. Other theories of diastrophism are markedly 
contrasted in that the movements of the crust involved are 
chiefly vertical and the development of erogenic structures in 
the sedimentary cover is achieved by secondary tectonics, 
chiefly by sliding under the pull of gravity. 

Gravitational Tectonics. — The notion that the complex folds 
and faults of erogenic belts may have formed by the sliding 
of a sedimentary cover over an inclined basement under the 
action of gravity was first expressed in the nineteenth century, 
but did not gain favour until recent years, when Jeffreys 
and Bull in England^ and Lugeon and Gagnebin on the 

* See e.g. Lawson, A. C.. ‘Insular Arcs, Fore Deeps, and Gcosynclinal 
Seas of the Asiatic Coast’: Bull. Ceol. Soc. Amtr., Vol. 43, 1932, pp. 353 "®** 

* Vening Mcinesz, F. A., ‘Gravity Expeditions at Sea’: Nttherlandi Geodetic 
Comm., Vol. II, 1934, Delft. Griggs, D., ‘A Theory of Mountain-Building’: 
Amer. Journ. Sci., Vol. 237, 1939, pp- 61 1-50. 

’ Principles of Physical Geology: London, 1945. 

* Jeffreys, H., Earthquakes and Aiountains, London, 1935. Bull, A. J., ‘The 
Compression of a Sheet’: Proc. Geol. Assoc., Vol. 54, 1943, pp- 185-90. 
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Continent* have propounded the theory for the Alps and the 
Juras, and the concept is also incorporated in general theories 
— the Oscillation Theory of Haarmann® and the Undation 
Theory of van Berrunelen.® 



FlC. 38 (a).— CRUSTAL DOWNBUCKLE OR TECTOCENE 

(After Heu Cng^) 

Shows the buckled granitic layer, the western Alps superimposed thereon 
to the same scale, and suggested convection currents* 


C. ' 



no* 38 (b). development op an asymmetrical arrancemekt op 

STRUCTURES IN A MOBILE BELT BY FREE GLIPINO 

(After H^jumAno) 


In general, the above-mentioned authors postulate uplift 
and tilting of the basement rocks, together with their sedi- 

* For rmews of the subject see Gignoux, M.. ‘La Tectonique d’ficoulc- 

la Sinicturc des Alpcs’: Bull. Soc. G<ol. Franu, Ser. 5, 

NS Symposium in Ceol. m Aiijnhouw, Jhg. 12, 

ment oar r** *? 50 » Gignoux, M, ‘Meditations sur la Tectonique d’f^oulc- 

Vol. 27, 1948, pp. t-34; 

Suisse Tectonique d'ecoulcmcnt en 

I u,. . fiu//. zii. Gfo/. Lausanne, No. 80, 1945. 

• O/^iaa/iow-TWic Stuttgart, 1930. 

van Bemmclen. R. W., The Geology^ oj Indonesia-. The Hague. 1949. 
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mentary cover, accompanied and followed by plastic flowage 
of the cover {Freigleitung of Haarmann) (Fig. 38, b). Although 
many structural features such as fold-nappes and the pattern of 
folds in plan are readily explainable on this hypothesis, thrust- 
faulting in the cr>'stalline basement and the strongly developed 
vertical tectonics in regions such as the zone of roots in the 
Alps require compression. It is, however, the invocation of a 
force (gravity) that affects every particle of a rock mass and 
does not require the transmission of stress by the deforming 
rocks themselves that perhaps appeals most in the theory of 
gravitational tectonics, and as Kaisin* has pointed out for the 
Ardennes, a tectonic field of force {champ tectonique) of all- 
pervading nature must be postulated for many orogens. 

An alternative view involving gravitational flowage is ex- 
pressed by Fourmarier,* who points out that such flow may 
well have taken place in the geosynclinal stage rather than 
later. This view is supported by geosynclines in which the 
intensity of structural development (folds and faults) increases 
progressively in the older and deeper rocks, a feature that is 
classically shown in the Ruhr, and is referred to as Bottcher’s 
Principle. Various explanations of the Ruhr folding have been 
proposed.® 

In U.S.A., recent interpretations have demonstrated the 
importance of lateral translation of several miles, in some 
instances along flat lying bedding faults.^ These ideas are 
incompatible with simple lateral compression. 


* Kaiyn, F., ‘Pouss^cs iangcntiell« ou ’Champs Tectoniques’?: BuIl.Soc. 
beige GM., Vol. 53, 1944, pp. 228-63. 

* Fourmarier, P., 'Efforts langcnticis ct efforts veriicaux dans la tccio- 
genese’: Bull. Soe. Giol. de Betg., \’ol. 69, 1946, pp. 87-182. 

’ Botlchcr, H., ‘Stockwerkstektonik odcr FaJtungsuefenstufc im Gebict 
dcr Ruhrmolasse’: Gliukauf, Vol. 80, 1944, pp. 9“*4- Obcrstc-Brink, K., 
'Sedimentation und Tektonik im Ruhrkohlenbezirk’: ibid., Vol. 69, 1933» 
p. 693. Kober, L., ‘Zur Geotektonik der Ruhrmolasse’: ibid., Vol. 79, I943> 
pp. 469-75. 

* Rogers, J., ‘Evolution ofThought on Structure of Middle and Southern 
Appalachians’: Bull. Amer. Assoc. Petrol. Geol., \’ol. 33, 1949, pp- >643-54. 
also 'Mechanics of Appalachian Folding’: ibid., \’ol. 34, 195>^» PP- 672-81. 
Long>vclJ, C. R., ‘The Mechanics of Orogeny’: Amer. Jown. Sci., Vol. 243.^; 

•945. PP- 4 •7-47* 
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When the range of possible causes of tectogenesis is con- 
sidered, it is clear, as recent work shows, that structural inter- 
pretation must be based upon the apparent tectonic setting 
and should not be in any way restricted by over-simpUfied 
notions concerning the mechanism of diastrophism.^ 

Plains Type of Folding. — In the Mid-Continent region of 
North America, fold structures occur which have the following 
characteristics.^ (i) The net result of the folding is a local 
uplift without a corresponding depression, so that there are 


moH 



I Mile 

PIC 39.--FOLDINO OP THE PLAINS TYPE, DEVELOPED IN THE BEDS 
«j t» g, n, BY FAULTING IN THE BASEMENT UPON WHICH e RESTS 

UNCONFORMABLY 


(After Clark, 193a) 

Cr. pi., trace of crestal plane. 


‘above’ the regional dip; 
KV me lolds become more pronounced in depth, and there is a 

^mng of the strata above the crests of the folds; (3) the folds 

^ asymmetrical, and the crestal plane (see p. 67) dips 

steeper Hmb of the fold; (4) normal faulting 
commonly associated with the folding (sec Fig. 39). 

'°=.- PP- ■ 89 -« 4 . in which the 

undiMurbed surfe^Tit^Jia,^'" 

r "“^Type Fold, of the Mid- 
Area . Joum. Geol., Vol. 40, 193a, pp. 46-61. 
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The development of folds of this type is believed to be due in 
part to differential movements in the bedrock upon which the 
folded sediments lie, and not to lateral compression acting on 
the sediments themselves. The beds were deposited upon an 
uneven surface, and later stress has accentuated the differences 
in elevation of the various parts of this surface. The buried hills 
are, in some examples at least, upthrown fault blocks which on 
renewed uplift, after having been covered with sediments, 
exert an upward push which gives rise to the anticlines and 
domes, some of these having marginal normal faults. The geo- 
metry of the folds is determined by the initial form of the 
bedrock surface, the extent to which the buried hills are 
rejuvenated, and the compaction and flowage of the sediments 
during their deformation^ (pp. 85-6). 

Fault-folding (Bruchfaltung). — Stille and others® have shown 
that parts of middle and north Germany (Saxony) are charac- 
terized by a close association of folding with nearly vertical 
faults, which is described as fault-folding.^ The crust is divided 
into a number of long, narrow, differentially elevated strips, 
the upthrown blocks representing anticlinal structures, the 
limbs of which are affected by faults striking parallel to the 
length of the folds (see Fig. 40). The sediments in the upthrown 
blocks show little or no folding, but in the downthrown blocks 


* Clark, S. K., ‘The Mechanics of the Plains-Typc Folds of the Mid- 
Continent Area’: Joum. Geol., Vol. 40, 1932, pp. 46^1. Powers, S., ‘Struc- 
tural Geology of the Mid-Continent Region; a Field for Research’: Bull. 
Cfol. Soc. Amer.y Vol. 36, 1925, pp. 379-92; also ‘Structural Geology of 
North-Eastern Oklahoma’: Joum. Geol., Vol. 39, 1931, pp. ii7"3®' 
guson J. L. and J. Vernon, ‘Relationship of Buried Hills to Petroleum 
Accumulation’: The Science of Petroleum: Oxford, 1938, pp. 240-3. 

’ Stille, H., ‘Mittcldcutschc Rahmenfaltung’: Jahrb. d. niedersdehs. Ver. 
Hannover, 1910, pp. 141-69; also, with others, in ‘GoUinger Beitriige zur 
saxonischen Tektonik’: Ahh. Preuss. Geol. Landesanstalt, N.F., Vol. 95, t923"5» 
Vol. 1 16, 1930, Vol. 128, 1931. ‘Gcotcktonische Forschungen’: Hft. 1, 
Germanotypen Tektonik J. Edited by H. Stille and F. Lotze, Berlin, 1937* 

3 The term fold-fault has long been used for faults developed in close con- 
nexion with folds, especially in nappe tectonics {see Bailey, E. B., Qjiarl. 
Journ. Geol. Soc., Vol. 90, 1934, p. 467). The restriction of the use of the 
similar term fault-fold to Druchfallen of the Saxonian may therefore lead 
to confusion, but a better word has not yet been suggested. 
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the intensity of the folding increases, as does also the thickness 
of sediments. A few overthrusts are present, and there are many 
local unconformities. 

The Coast Ranges of California afford another example of 
a region exhibiting this type of structure, ‘ which Bucher in- 
terprets as being caused by alternating tension and compres- 
sion in an area where thick deposits of sediments are being 
laid down. According to this view, the pattern of the long 
blocks bounded by normal faults is determined by tension. 
The folding of the sediments in the troughs, as well as the 
minor thrusting, result from later compression and from drag 



FIG. 40. — BLOCK DIAGRAM TO ILLUSTRATE BRUCHFALTEN 

shown at the base of the sedimenUry cover lying on the 


along the faults. Schuh* came to much the same conclusion 
with regard to the Saxon Bruchfalten, which Stillc considered 
to be caused by compression alone, despite the dominance of 
norm^ faulting. Structures comparable with Bruchfalten are 
probably much commoner than would appear from the liter- 
ature, many examples being described in terms of faulting, 
wth drag effects, rather than in terms of folding. There is a 
close similarity with folding of the Plains type. 
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Block Faulting, — Regions which are divided by faults into a 
number of differentially elevated or depressed blocks are said 
to exhibit block faulting.^ If such a region has not been subjected 
to prolonged erosion, the movements of the blocks will be 
directly reflected in the topography. Upstanding blocks, either 
plateaux or ridges, are termed horsts, and blocks which have 
received a marked tilt, tilt blocks. Normal faults (see pp. 1 15-17) 
that give rise to a series of blocks at successively lower or higher 
elevations are termed step faults, and long and relatively 
narrow tectonic valleys caused by faulting are called fault 
troughs or grabens. 

If the major movements take place along only one set of 
sub-parallel faults, long and relatively narrow blocks result. 
A second set of faults, intersecting the others, may cause the 
boundaries of the troughs and horsts to assume a zig-zag 
pattern in plan, as in East Africa; or, the crust may be divided 
into a number of small blocks, constituting a block mosaic.^ 

The Origin of Grabens. — If a faulted area has been sub- 
jected to prolonged erosion, geological mapping will generally 
reveal whether the faults are normal or reverse (seepp. 1 15-1 7)> 
but where the faulting is physiographically youthful it is more 
difficult to determine this. In particular, the structure and 
origin of the large grabens of East Africa, the Dead Sea region, 
and the Rhine valley are still subjects of debate in spite of the 
efforts of numerous workers. 

The Rhine graben is known in most detail, and concerning 
it there is least doubt as to the structure. The graben traverses 
a broadly arched region that comprises the Vosges and the 
Schwarzwald in the south and the Hardt and the Odenwald in 
the north. The boundary faults are normal faults, hading 
towards the graben, and the great majority of minor faults 
within the graben are also normal faults. H. CIoos has repro- 
duced the structural features of this graben so faithfully in 
experiments with wet clay subjected to lateral tension (see 

‘ TTie term is not usually applied if the faults are of the strike-slip variety 
(seep. 114). 

• As in central Sweden; sec Davis, W. M., Die Erkidrende Beschreibung der 
Lerndjormen'. Berlin, 2nd edn., 1924, p- 169* 
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Fig, 41, and Plate IV), that doubt can hardly be entertained 
as to its origin. It was undoubtedly caused by circumferential 
tension in the crust at right angles to the graben, which may 





B 

no. 4*.— STRUCTURE OF PORTION OP AN EXPERIMENTALLY PRODUCED 
ORABEN IN CLAY (a), FOR COMPARISON WITH PART OF THE \\XSTERN 

BORDER OF THE RHINE GRABEN (b) 

(After aoo»! redrawn from Bucher, T/u Dtfermalion oftht Ecnh'i Cnut) 

Vu b comparable with the boundary fault 

in "“"or fauIlSjCf hade towards F, and are inclined 

in the opposue direction to the beds. This arrangement is'term^ . "liS 

^ Ki" mature, or caused by the arching of the 

crustal block traversed by the graben.^ ^ 

J. W. Gregory was the chief proponent of the idea that the 

Expcrimentcllcn Tektonik': Du Xaturwiss^nschcfim 
V ^ Graben’: Cbl. Jtir Min., Abt. B., 193a. pp. 373-86- 

V “30 pp- 
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great system of fault troughs in East Africa consists abo of 
true rift vall^’Sy that is to say, the fault blocks are bounded 
by normal faults, which originated as a result of circum- 
ferential tension in the crust.^ \Vayland, however, maintains 
that they were caused by deep-seated lateral compression, and 
that the faults are reverse faults.* Bailey Willis® inclines to 
the view that vertical movements of uplift and depression were 
dominant, and that the effects of local compression observed 
in the field are subordinate. He suggests that the plateau- 




FlC. 42. — THE RHINE AND THE RED SEA RIFTS 

(Afier H. Ooos) 

The Rhenish (left) and Nubian-Arabian upwarps, with their associat^ 
grabens (dotted), reduced to the same width and with the Red Sea in 
reverse orientation north-south, to show analogous patterns. 


uplifts may be caused by the expansion of formerly solid, 
though plastic, parts of the deep-seated asthenosphere, and 
ascribes the depressions to the removal of support from blocks 
adjacent to the plateaux, consequent upon escape of magma at 
the surface. 

* Gregory-, J. \V., ‘The African Rift \’aneys’: Geogr. Joum., \'ol. 56, 1920, 
pp. 13-47, 327-8; The Rift Valles and Geolc^- of East Africa: London, 1921. 

• Wayland, E. J. ‘Some Account of the Geology of the Lake Albert Rift 

^’allcy’: Geogr. Journ., V'ol. 58, 1921, pp. 344-59* 

» ‘African Plateaus and Rift \'allcys’: Carrugie Institute of Washington, Pub. 

No. 490, 1936. 
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For the Dead Sea trough, Willis postulates boundary faults 
that arc high-angle thrusts caused by lateral compression (see 
Fig. 43), a view which is essentially similar to Wayland’s inter- 
pretation of the Lake Albert Rift. For valleys of this type Willis 
has coined the term ramp valleys} 

The compression theory does not explain such features as 
the zig-zag pattern of the fault troughs and the absence of 
strong folding in weak rocks lying in the troughs. ^ More 
recently, Cloos has demonstrated that the great grabens lie on 



no. 43. — THE DEAD SEA TROUGH SHOWN AS A RAMP VALLEY 

(After Willu» ><>28) 

The whole maM is regarded as under compression. The Palestine and 

ir^ortan blocks have ruen on the underlying ramps. The hypothetical 

A body hM acted m a strut, and has been pushed towards the right. Melting 

om heating and she^ng, and the liquid rock has been forced 

out as lava nows on the Transjordan block. 


the errets of broad shield-shaped swells, and that certain 

similaridcs in pattern are shown in all, particularly in the 

bifurmion at the noses of the swells^ (Fig. 42). The balance 

01 evidence is clearly in favour of the tensional origin of 

grabens. ® 

Well-known examples of block-faulted regions are the Basin 


Sx V Problem, Rift or Ramp \’a]le) -: Bull. Geol. 

iu " PP- 490-542. 

BuchCT W H 35- *937. PP- 577-6oi. 

325-3^* ^ ^ Orth's Cruse. Princeton. 1933, pp. 

Geol. Rundsch., Vol. 30, 


74 


OUTLINES OF STRUCTURAL GEOLOGY 

Ranges of Nevada and Utah,* and Fennoscandia,® but British 
examples of older block faulting, as in the Great Valley of 
Scotland and the coalfields of the Midlands, are known in 
greater detail.® 

^ Davis, \V. M., ‘Mountain Ranges of the Great Basin’: Mus. Comp. Zool. 
Harvard, Vol. 42, 1933; ‘The Basin Range Problem’: Proc. Pfat. Acad. Sci., 
Vol. 11 , 1925, pp. 387-92. Gilbert, G. K., ‘Studies of Basin Range Struc- 
ture’: U.S. Ceol. Surv., Prof. Paper 153, 1928, pp. 76-86. 

* Scderholm, J. J., ‘Wcitcre Nfitteilungen iit^r Bruchspalten mit beson- 
derer Beziehung zur Geomorphologie von Fennoscandia’ : Bull. Comm. Giol. 
Fitdande, No. 37, 1913, 66 pp. A-sklund, B., ‘Bruchspaltenbildungen in 
sudostlichcn Ostcrgotland’: Gtol. Foren. Fork. Stockholm, Vol. 45, 1923. Hog- 
bom, A. G., ‘Zur Mechanik dcr Spahenverwerfungen, etc.’: Bull. Gcol. Inst. 
Upsala, Vol. 13, 1916, pp. 391-408. 

® Anderson, E. M., The Dynamics of Faulting: Edinburgh, 1942 (with 
references). 


Chapter IV 


FOLDS 


I. THE GEOMETRY OF FOLDS 

IN detailed structural studies a precise terminology for folded 
strata is necessary, and it is rather surprising to find that there 
is no general agreement among geologists as to the exact 
meanings of many of the terms used by them. In the following 
account of the geometry of folds most of the accepted modem 
usages are mentioned, and some indication is given as to which 
is considered preferable in cases where confusion might arise. 


Types of Flexures 

The various ways in which a particular bed or key-horizon 
may be folded are listed below. 

These definitions arbitrarily assume the horizon as a refer- 
ence plane, which is generally satisfactory but does not apply 
to folds pitching at 90® or more. In these it is preferable to define 
an anticline as a fold that includes older rocks in its core, and a 
synebne, younger rocks. 

Difficulty may also be experienced in deciding on the 

structural nomenclature in block-faulted regions where there 

IS s^ong drag or warping associated with the faults. In such 

regions, although fault-tectonics may be dominant, upward or 

downward flexures must be mapped as anUcUncs and synclines 
respectively.! ^ 


Phenomena in the Middle East': Gtol. en 
liniuished fllf' 873-8. has suggested that such folds be dis- 

able in the field*”^ synchne, which refer simply to structures recogniz- 
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An anticline is an upwardly convex flexure in which a given 
bed intersects the same horizontal plane in both limbs 
(Fig. 44, a). 

A incline is an upwardly concave flexure in which a given 
bed intersects the same horizontal plane in both limbs 
(Fig. 44, b). 

An anticlinal bend ^ is an upwardly convex flexure in which 
one limb dips gently towards the apex (which see below), and 
the other limb dips more steeply away from it (Fig. 44, c). 


A • C 



FIG. 44. — TYPES OF FLEXURES 

A, symmetrical anticline; B, symmetrical syncline; C, anticlinal bend; 
D, synclinal bend; E, monocline; F, terrace ; hor., horizon. 


A synclinal bend is an upwardly concave flexure in which one 
limb dips relatively steeply towards the apex, and the other 
limb dips gently away from it (Fig. 44, d). 

A dome is an upwardly convex flexure in which the dip is 
away from the centre in all directions {quaquavtrsal dip). 

A basin is an upwardly concave flexure in which the dip is 
towards the centre from all directions. Domes and basins 
exhibit periclinal structurCy or radial dip of the beds. 

A monocline is a local steepening of an otherwise uniformly 
dipping or horizontal series, and is composed of an anticlinal 
bend above, followed by a synclinal bend at a lower level 

* Busk, H. G., Earth FUxura: Cambridge, 1929. 
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(Fig. 44 , e). In oil-field geology, however, the term is used for 
formations in which the dip is more or less uniform in one 
direction. 

A tentue is a local flattening in an otherw'isc uniformly 
dipping series, and is composed of a synclinal bend above, 
followed by an anticlinal bend at a lower level (Fig. 44, f). 

Anticlinal and synclinal structures on a large scale — of the 
order of miles in width — in which the limbs of the folds are 
themselves folded by minor plications, arc called anticlinoria 
and ynclinoria (singular, anticlinorium). The terms geanticline 
and gcosyncline should not be used in this sense. 

Description of Folds 

Elements of Folds.' — The crest of an anticline is the line which 
joins the highest points of the fold, as defined by a particular 
bed (Fig. 45). 

The trough of a syncline is the line which joins the lowest 
points of the fold as defined by a particular bed. 

The pitch of a fold is the angle at which the crest of an 
anticline or the trough of a synclinc dips at any point (see 
Fig. 69). Pitch may vary in direction and amount along the 
crest of a fold, and is measured in a vertical plane. 

Some authorities® now use the word plunge in the sense 
given above for pitchy and have defined rake as the angle of 
inclination of a linear structure measured in the plane of another 
structure (e.g. lineation on a cleavage plane). If these usages arc 
adopted the term pitch is discarded for folds. 

The crestal plane of a fold is a surface so disposed within it 
that it contains the crests of successive beds within the fold 
(see Fig. 45). 

The axial plane is defined by Busk® as a surface so disposed 
within the fold that any point upon that surface is equidistant 
from either lunb of the fold, as defined by a particular bed. 

* S« Challinor, J., ‘The Primary and Secondary Elements of a Fold’: 
Pm.Gtcl Assoc.y Vol. 56, 1945, PP- 8a-8. 

aj. Gw/. Sun., ‘Explanatory Notes to a new LUt of Geological Map 
aymboU , 1948. The usages recommended in this Note have been adopted 
by several official organizations* 

* Earth FUxurtsx p, 7, 
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The axial plane of a fold is not, however, a simple concept and 
it is dealt with more fully below. 

Axial line is a term in general use, which may be used to 
designate the intersection of the axial plane of a fold with the 
ground surface, thus giving a useful term for map interpreta- 
tion. 

Crest line may then be defined in an analogous way. 



FIC. 45. — DISSECTED BLOCK DLVCRAM OF AN ASYM.METRIOVL FOLD 
ILLUSTRATING THE TER.M 1 NOLOGY OF THE VARIOUS PARTS 

The axial and crcstal planes in the lower half of the diagram are shown 
as if seen through the beds. 

Axis is a term used in several different senses. By B. and 
R. Willis^ it is defined in the same way as crest and trough are 
defined above. Nevin^ defines both axis and axial line as the 
‘median line of a fold, that is, the intersection of the axial 
plane and the bedding’. H. Cloos uses the term axis for the 
direction in which a fold trends, being ‘diejenige Richtung, 
welche den Mantelinien einer Falte parallel ist’.® The term 

* Geologic Slruclures: New York, 1934* P* 55’ 

* PrincipUs of Structural Geology: York, 1949^ P* 4^* 

* Einfiihrung in die Geologic: Berlin, I93®» P* 
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is abo used for the trace of the axial plane of a fold in a trans- 
verse section across it/ and it is suggested that this be adopted 
as the standard usage. It then only remains to decide upon a 
term for the intersection of the axial plane with a given bed, 
in order to complete the terminology for the various parts of 
a fold. The term apex is defined by Busk* as the line of intcr- 


A B 



FIO. 46. — TYPES OP POLl>S 

A, asymmetrical anticline (inclined); 

B, „ „ (overturned); 

C, recumbent zig-zag folds; 

D, isoclinal fold with detached cores of shale. 

section of the axial plane of a fold either with the ground 
surface or with a horizontal plane. Seeing that axial line has 
been used for some time, at least in Australia, in this sense, 
Ae apex is here defined as the line along which the axial plane 
intersects a given horizon in the fold. More directly stated, the 
apex is the point, in a cross-section, where the rate of change of 

* Dana, J. D., Manualqf Geology: New York, 1880, pp. 93, 95. 

• Earth FUxttru: Cambridge, 1929, p. 7. 
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dip is greatest, and the fold is, therefore, most acute. Along the 
fold, the apex is a line comprising such points. 

The nomenclature herein proposed permits of the descrip- 
tion of a fold with reference to each bed within it, this being 
often required in economic work. An illustration of the 
advocated usage is given in Fig. 45. 

o’ 0* 

0 * 



(After Busk» EAfih FUmo) 

Between obsened dips at outcrop the beds are assumed to have the form 
of circular arcs whose centres or origins — O, 0 ‘, &c., arc given by the 
intersections of radii drawn at right angles to the dip arrows. 

Symmetrj’ and Attitude of Folds.— Various terms are used to 
describe the attitude of folded beds as seen in cross-section at 
any one place. A fold is usually said to be symmetrical if the dip 
of any bed, measured at the points of intersection of the bed 
with a given horizontal plane, is the same in each limb (see 
Fig- 44. a). According to this definition the a-xial plane must be 
vertical, but Nevin and others^ would describe a fold as 

» Nevin, C. M., Pnndplts of SlnetuTol Geology: New York, 1931, pp. 36-8. 
Stodes, B., and C. H. White, Slnulural Geology: London, 1935, p- it6- 
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symmetrical if the beds in either limb dip at similar angles 
with the axial plane, even if this be inclined. Stores and White' 
would restrict the use of the term to folds which are not only 
symmetrical in this sense but in w'hich the limbs are, in 
addition, of equal length. Both the latter definitions are con- 
trary to general modern usage. 

In aymmetrical folds the dips of the two limbs at the inter- 
section of any bed with a given horizontal plane are different. 
If the axial plane is inclined, but the steeper limb is not over- 
turned, the fold is said to be inclined^ if the steep limb is 
overturned, the fold is an overJold\ if the axial. plane becomes 
nearly horizontal, the fold is recumbenty and if the two limbs are 
approximately parallel, the fold is isoclinal. 

Relationships of Strata in Folds 

Parallel Folds. — Consideration of the attitude of the succes- 
sive beds in a series of folded sediments led van Hise* to dis- 
tinguish between two distinct types of arrangement, which he 
called concentric or parallel folding on the one hand, and similar 
folding on the other. 

In parallel folding, the strata are bent into parallel curves, 
and retain a constant thickness throughout. Thus, the dips 
decrease both upwards and downwards, owing to the pro- 
gressive increase in the radii of curvature of the beds in each 
sector, with increasing distance from each centre of curvature, 
or origin.^ Such folds, as may be seen by bending a pack of cards 
held firmly at one end, can take place only with the accompani- 
ment of differential sliding movements between the beds. The 
uppermost of any two beds in an anticline moves over the 
lower in the direction of the apex of the anticline. In each bed, 
mtemal strain takes place as illustrated in connexion with 
bending (Fig. 22). 

* Slructural Geology', London, 1935, p. 116. 

* van Hue, C. R., ‘Principles of North American Pre-Cambrian Geology’: 
i6th Ann. Rept. U.$. Geol, Surv., Pt. i, jSgS, pp. 581-843. 

Since a smooth ctu^'c may be resolved into a number of tangential arcs 
r ^ P*”'**“*hlc to regard the beds in a small sector of a concentric 

fold as having the form of concentric circular arcs, so that we may speak of 
a centre of curvature for each segment. 
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Idealized diagrams (Fig. 48, a) show parallel folds dying out 
upwards and downwards from a median zone of curvilinear 
folds in which zone the shortening of the section is apparently 
a maximum. Since, however, the fold axes remain vertical the 
shortening is, in fact, constant, and in such folding the upper 
and lower beds in which the folds are cuspate, must have 
thickened. In nature, the conditions for parallel curvilinear 
folding are satisfied for relatively strong (‘competent’) beds 
that are either interbedded with or overlie relatively weak, 
plastic (‘incompetent’) beds, which latter yield by complex 




FIG. 48. — PARALLEL FOLDS 

A. Idealized upright parallel folds, showing sinusoidal and cuspate zones, 
and decrease in fold intensity in depth. 

B. Parallel folding of two beds, showing bedding-slip. 

C. Parallel folding in one formation (dotted), with disharnionic rcladon- 
ships in under- and overlying beds. 

folding or shearing. These are the conditions in \VilIis’ classic 
experiments* and the implication is that there construction of 
parallel folds in section-drawing should normally cease at the 
contact of the competent beds with the enclosing incompetent 
beds, which yield in other ways (Fig. 48, b). In a thick series 
of strata of overall competence, the required shortening above 
the zone of curvilinear folding may take place by thrust 
faulting. These various effects are well shown in the Juras 

(Fig- 33)- 

* Willis, B., ‘The Mechanics of Appalachian Structure*: t^th Ann. RfpU 
U.S. Gecl. Surv.y Pt. 2, 1893, pp- 217-^1. 




FIG. 49. — ^TYPES OF FOLX>S 

*?*'*• fin^idal shape, shelving differing 
(directrix). * ' 3 ^d, and the common direction of generation 

a uniformly dipping bed. 

'"■“™ ““*■ •» of 

in hemadS^iliSte bucklc-foldtag in other bc<h. 
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Similar Folds. — In similar folding on the other hand, the 
strata are bent into similar cur\-es, and the folds maintain their 
identity in a vertical direction (Fig. 50). In this case, it will be 
seen (Fig. 49, b) that the beds do not retain their original thick- 
ness throughout, but the limbs of the folds are thinner than the 
apices. This may take place as a result of flowage of material 
from the limbs towards the apices, but other causes more 


probably operated in most instances, 
for in a similar fold that persists for 
thousands of feet in depth, this con- 
cept would imply that all plastic beds 
flowed to the same extent and that 
all more rigid beds took the same 
fold-form despite physical differences 
between them. Consideration of asym- 
metrical similar folds such as are 
formed as an early stage of stretch- 
thrusts demonstrates, however, that 
the geometry’ of similar folds is satis- 
fied by shearing parallel to one 
direction, which may be designated 
the directrix. In such folds the original 
thickness of the beds is shown at the 
apex, and the limbs arc stretched to 
various degrees. 

Zig-zag Folds. — Zig-zag or chevron 
folds afford a special case exhibiting 
certain features of both parallel and 


FIG. 50. — SECTION AT THE GREAT EXTENDED 
HUSTLERS SHAFT, BENDIGO, TO ILLUSTRATE 

SIMILAR FOLDING 


tFrom Etenomu Cfology and .Ktineral fiticuua of 

by H. Herman: Dritiih Atiooiaiion Handbook to tidona. 

»9«4) 

Note the persistence of the fold in depth, 
and the saddle reefs (S) which sei^-e to indi- 
cate the thickening of the whole formation 
at the fold a.xis. A Tertiary monchiquitc 
dyke follows the surface of weakness afforded 
by the axial plane of the fold. 
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similar types, since the bedding planes remain parallel in the 
limbs but the fold-form persists in depth. Two chiel' t>T3es may 
be recognized, the first involving the shearing of a uniformly 
dipping bed (Fig. 49, c), the second, rotation of the beds about 
the axial planes, as with two packs of cards pushed together 
and each turned so as to make a ridge. This is known as 
knickingy and the planes about which rotation occurs, knick‘ 
plants. Unless the rotation of each limb is the same, the 
steeper-dipping limb must rise above the gentler at the knick- 
plane, which becomes a fault (Fig. 49, d). 

In this mechanism, bedding slip takes place as in parallel 
folding, but unless the beds actually break at the fold axes 
special readjustments are required there since the beds arc 
locally bent. Chevron folds may combine knicking and shear- 
ing in their formation, the intimate shearing of relatively 
plastic strata giving rise to cleavage. 

Supratenuous Folds. — -A fold which shows a ‘thinning of 
formadons upwards, above the crest of the fold’,i is termed 
supratenuous. As we have seen in the discussion of folding of the 



^51— SUPRATENUOUS FOLD PRODUCED IN AN' EXPERIMENT 
WTTH SAND AND CLAY DEPOSITED IN SUCCESSIVE LAV'ERS OVER A 

PROMINENCE 


^ (Aficr Nevin, PrineipUt «{ Sirvtitaal 

‘bS ^ towards the steeper side of the 

Duned hUl , and towards the steeper dipping limb of the foldh 

4 


b . - thrust Of 

buned hiUs on superincumbent sediments, or from differential 
compaction of sediments lying on an irregular basement. It 


* Ni^. C. M., Principles of Structural Geotogfi New York, 1931, p. 47. 
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may also develop if folding and sedimentation are contem- 
poraneous, the formations then being thicker in the synclinal 
troughs than on the anticlines, when originally laid down. 
Asymmetry of the buried hills causes the anticlines to be asym- 
metrical, and experimental studies^ have shown that the 
inclination of the crcstal plane of an anticline is controlled by 
the slopes of the underlying buried hill (Fig. 51). The crestal 
plane dips towards the steeper slope of the hill and also 
towards the steeper limb of the fold, down to the point where 
the axial and crestal planes meet — at the summit of the buried 
hill. 

Generative Folds. — The term generative is here applied to 
folds that increase in amplitude in successive beds with the 
accompaniment of an increase in stratigraphic thickness 
towards the axial region. Such folds involve the plastic mass- 
deformation of a group of beds, but the effects may be localized, 
as in a fold with one stretched limb in which the stretching 
increases to a maximum and then decreases again. Generative 
folds are common in coal basins, and in Tertiary brown coals 
in Germany they are demonstrably formed by plastic deforma- 
tion due to the drag of Pleistocene ice-sheets (Fig. 49, e). 

Disharmonic Folds. — ^\■hcre an abrupt change in fold geo- 
metry takes place in passing from one bed to another the fold- 
ing is said to be disharmonic. This is commonly found where 
relatively plastic strata arc interbedded with more rigid beds 
(see e.g. drag folding, pp. 97-9)) and is the rule rather than the 

exception in strongly deformed rocks. 

Disjunctive Folds.— Where relatively brittle beds are inter- 
bedded with plastic rocks that are strongly deformed by 
flowage, the brittle beds may fracture and the parts become 
separated, while retaining an overall fold pattern. This may 
occur on a large scale as well as in small exposures. Disjunctive 
effects are common in soft-rock folding, as in slump-masses, in 
normal lithified sediments tlicy arc often seen in limestones 
interbedded with shale, and in salt tectonics; again, they 
occur in gneisses and schists (Fig. 49, f). 

» Nevin, C. M., and R. E. Sherrill, ‘Studies in Differential Compaction’: 
Didl. Amer. Assoc. Petrol. GeologisU, Vol. 13, 1929* PP- *“ 22 - 
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Diapiric Folds. — In diapiric folds {piercement folds^ plis diapirs, 
Injeklivfalten)y mobile beds are actually injected through over- 
lying strata at anticlinal axes (see Fig. 52). This commonly 
occurs with salt deposits (see pp. 94-6), and is also often shown 
by shales in regions of strong folding. 



FIG. 52. — PIERCEMENT FOLDS, SHOWING SALT DEPOSITS INJECTED UP- 
WARDS IN THE DIRECTION OP THE ARROWS, AND CUTTING THROUGH 

ANTICLINES IN THE OVERLYING BEDS 
(After Pustowka, AVui Jciab. /. Afin.. B.B., 6 i, Abt. B, 1929, p. 373) 

Axial and Apical Planes 

The definition of the axial plane of a fold previously given 
(p. 77) implies that this plane (or surface^) bisects the fold, a 
usage adopted by most authors. This definition, however, is 
not applicable to asymmetrical similar folds, in which each 
bedding plane has a different bisectrix. In such folds it is the 
plane connecting the apices of the beds in the fold that is 
significant. This apical plane is parallel to the directrix of the 
fold (Fig. 49, b). In a parallel fold that possesses an apex the 
apical plane and the axial plane are identical, but sinusoidal 
parallel folds have no apices and no apical planes, and the 
axial plane is then identical with the crestal plane. 

In iMny parallel folds, it is seen that subsidiary flexures 
^nticlinal or synclinal bends) occur on one or on both limbs. 
The apical planes of these flexures are of fundamental im- 
portance in folding, as may be seen in Willis’ experiments’* 

*^^inor has proposed the use of axial surface for axial plane, but the 
0 . plane is often used for curved surfaces in geology (c.g. shear plane) 
m the present context. 

iiQ Mechanics of Appalachian Structure’: rjlA Ann. Rett, 

Geol. Sm., Pt. 2, 1893, Pk. 79, 81, 82, 86, 93. 
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and is inferred from detailed sections of actual folds available 
from mines. The apical planes of the lateral flexures are knick- 
planes about which rotation of the beds goes on as the folds 
become more strongly developed. Stages and types of folding 




FIG. 53. — KNICK-PLANES IN FOLDING 

A. Median and lateral knick-planes (a) and pairs of lateral knick-plancs 

(b) in experimental folds (after \Villis). 

B. Section through the Bochum Basin, Ruhr coal-field, showing increasing 
fold intensity in depth, and ‘axial planes’ regarded as knick-planes (after 
Bdttcher). 

by this mechanism are shown in Fig. 53. It will be seen that in 
rectangular folds {Kofferfalten) the lateral apical planes are of 
greater significance than the ‘axial plane’ of the main fold 
itself, although this remains the direction of general upward 
movement. Lateral apical planes may develop, after strong 
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folding, into thrust faults. Where the axial plane persists and a 
fold becomes isoclinal, plastic beds are squeezed out of its core 
(do^vnwards in an anticline), residuals remaining as detached 
cores (Fig. 46, d). Thus the axial and apical planes are of 
considerable genetic significance as well as being important in 
the geometry of folds. 


2. MECHANICS OF FORMATION OF INDIVIDUAL 

FOLDS 


In order to understand the relationship of minor structures 
to folding, it is necessary to consider the genesis of individual 
folds rather than of zones of folded rocks. ^ 

The chief types of folds and fold-like structures in rocks may 
be classified according to their mode of origin as buckle foldsy 
bending foldsy slip or shear foldsy and Jlow foldsy but a particular 
fold may show the characters of more than one of these types. 

Buckle Folds. — A sheet of material is said to be buckled 
when it is thrown into a double flexure by compression acting 
m the plane of the sheet, the flexures arising where irregular- 
ities in the sheet cause resolutcs of the stress to act normal to it 
(upwards or downwards in an originally horizontal sheet). 
The stresses in the sheet may be caused by the end-on push of 
forces applied to its ends, in which case the sheet transmits the 
stress, or they may be due to forces applied to all parts of the 
sheet simultaneously, as with the pull of gravity on an inclined 
sheet. In all examples of buckling the length of the folded 
section is shortened and the fold-geometry is determined, under 


following are important works relating to this subject: Tromp, 
r p ^ AfccAaninn of the Geological Undulation Phenomena in General and 
Of Folding in Partiadar. Leiden, 1937. Sander, B., Gefugekunde der Gesteirui 

PP* ^ 43 ” 75 * Schmidt, W,, *Gatcin$umformung': Dcnkscho 
Am. WiiTif Bd. 3, 1925; T^ktcnik und VerformungsUhrei Berlin, 1932, 
ocs, H.^Einfuhnmg in die Geologu: Berlin, 1936, pp. 200-12. \Vinis, B., *Thc 
j^ames of Appalachian Structure’: ijlh Ann. Kept. U.S. Geol. Sure., Pt. 2, 
PI^8I7-8 i. De Sitter, L. U., ‘Notes on the Mechanism of Folding’: 
nTv w *936. pp. 161-B. Seidl, E., ‘Formcn der tech- 

form^ Mcchanik und ihre Anwendung auf Geologic’: Bd. 5, KxOmmungs- 
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given conditions, by the relative plasticity of the formations 
present. Beds that do not exhibit mass-flowage, although they 
may yield sufficiently to flex, determine the general fold- 
pattern and may be used to estimate the extent of shortening 
involved in the folding. More plastic beds may yield by flow 
folding or shear folding. 

Bending Folds. — Folds which arc caused by vertically acting 
forces of different intensity in different places may be called 
bending folds.^ They do not involve lateral shortening of the 
section of folded rocks such as characterizes buckle folds, but 
the arching of beds by push from beneath increases the surface 
area of the deformed rocks. The stretching may take place by 
flowage from the anticlinal crest towards the limbs of the fold, 
giving a supratcnuous fold, or by normal faulting* (see Fig. 54). 

—T~ 

FIG. 54. — A BENDING FOLD PRODUCED BY PUSH FROM BENEATH 

(After Cto 05 , Exnfuhruni in dit Giologu) 

The Stretching is shown as taking place by the development of normal 
faults* In other cases flowage from the crest towards the limbs takes place* 

Many large crustal warps are undoubtedly of this origin, 
and it is also important in folding of the Plains type® and in 
Bruchfalten. The deformation in these t>'pes is more localized 
along basement fault lines, stretching of the interv'ening por- 
tions not being necessarily involved. 

Slip or Shear Folds (Scherfalten).— Differential movements 
along closely spaced shearing planes in rocks may cause origin- 
ally plane structures to become cur\'ed so that they resemble 
true flexures. The development of such slip or shear folds^ as 

1 Robinson, \V. I., ‘Folds resulting from Vertically Acting Forces’; Joum. 

Vol. 31, 1923, pp. 336-43- „ , , , D j 

* Cloos, H., ‘Cbcr Bicgungsbriichc und sclektive Zcrlegung : Geol. Kuna- 

schau, Vol. 24, 1933, pp. 203-19. • / 

» Also In the Uinta type of Powell and Mellard Rcade {Tfu Ongtn oj 
Mountain Ranges: London, 1886), defined as a flat arch with marginal mono- 
clina! flexures. 
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they arc termed,^ may be illustrated by ruling a straight line 
across the edges of a pack of cards, and then pushing in the end 
of the pack. Becker® was the first to recognize the significance 
of differential movements along shearing planes in producing 
curved structures in rocks, but some of these structures would 
not normally be termed folds. 

Shearing planes sufficiently closely spaced to permit shear 
folding to develop must constitute cleavage (or schistosity) and 


55 - — folding of sandy laminae in slates 
A. She^'folding in very thin laminae (xl). 

B- Folding of base of thin graded sandstone in slate, grading to smaller 
tmdulations. Note absence of folding in extremely thin laminae, in which 
shear is distributed, rather than localized in zones. 

it is demonstrable in many slates that slipping along the 
cleavage, as measured by the displacement of thin sandy or 
coloured laminae, is sufficient to account wholly or partially 
or the form of folds (Fig. 55, a). Schmidt® has recognized the 
sigmficancc in folding of the spacing of zones of shearing, the 

Sandw, B., Ctjugekiotde der Gesleiru: Vienna, 1930, pp. 243-51. Knopf, 

V’ Ingerson, ‘Structural Petrology’: M<m. Geol. Soc. Amer., No. 6, 
‘930, p. 157 . 

Ko ^ * '^°logy of the Comstock Lode’ : U,S. Geol. Surv., Mon. 

Schmidt, W., TeMlomk imd Verformmgslehiv. Berlin, 1932. 
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slices of rock betw een which are known as GUitbretter. Where 
the sliear zones are widely spaced the folds are larger, closer 
shearing giving smaller folds. This is also demonstrable on a 
small scale in slates, where shear zones are more widely spaced 
in sandy layers, which become folded while the thin laminae 
are intimately cleaved (Fig. 55, b). 

In shear folds the thickness of a given bed measured along 
the shearing planes remains constant, but the apices of folds 
appear thicker than the limbs if the measurement is made at 
right angles to the bedding planes. In the absence of space- 
data relating to deformation, cross-sections of highly cleaved 
or schistose rocks are often better constructed on this principle 
rather than with the retention of constant stratigraphic 
thicknesses.' 

Flow Folds. — The convolutions of different-coloured bands 
in moving liquids, well shown by stirring an oil film on water, 
ser\’e to illustrate w'hat is termed Jlow folding in rocks. 

In flow folding the beds offer so little resistance to deforma- 
tion that they assume any shape impressed upon them by 
surrounding more rigid rocks or by the general stress-pattern 
of the deformed zone. Individual strata are thickened or 
stretched accordingly, and the folds cannot be ‘straightened 
out’ to estimate the shortening involved. Flow folds may form 
in incompetent beds among other strata that yield by buckling, 
but thin competent beds involved in strong flow folds may be 
disrupted, the fold geometry being then determined by the 
incompetent strata.® 

Some of the complex fold structures of rock salt deposits and 
of Archaean formations in many parts of the world, can be 
explained only by assuming that these rocks flowed under small 
stress differences like viscous fluids. The Archaean formations 
become highly mobile when buried deep w'ithin the crust, and 

* See e.g. Dickinson, S. B., ‘The Structural Control of Ore Deposition in 
some South Australian Coppcrflclds’: Bull. A’o. 21, Ceol. Surv. SouUi Australia. 

s Aubert (‘Lc Jura’: Geol. Rundsch., Vol. 37, 1949, pp. 2-17) has stressed 
the importance of highly mobile beds as active transmitters of stress in the 
Juras, and the drag effects in salt domes indicate that mobile rocks cannot 
be regarded as playing only a passive role in tectonics. 
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also in other ways subjected to conditions favouring recrystaliz- 
ation and crystal-plasticity, but salt deposits are highly plastic 
even in the upper crustal levels. As is shown by its behaviour 
in the Alsatian and Hallstatt salt mines,* rock salt will flow 
when buried beneath 2,000 feet or less of sediments. It has been 
demonstrated that the elastic limit of crystalline sodium 
chloride is lowered with increase of temperature, and also on 
immenion in water, when its ductility is, in addition, in- 
creased.* The readiness with which rock salt will flow is well 
illustrated by the remarkable salt glaciers of Laristan,® and the 

Cnehs 



FIO. 56. — PLOW FOLDING (PTYGMATIC FOLDING) SHOWN BY AN 

APLITE VEIN IN PRE-CAMBRIAN GNEISS 

(After ScderKolm, *Ober Ptygmatuche Fahung': Xtuti Jahtb., B.B. 36, 1913. 

pp. 491-513) 


Structures of salt domes, which have been very fully investi- 
gated because of their importance in oil-field geology, also 
throw light on this point. Beds containing gypsum or anhy- 
drite are also highly plastic under similar conditions.^ Many 
folds in slumped rocks are also flow folds. 


*Lee»,G. M., ‘Some Depodtional and Dcformational Problems’: Joum. 
I P Lond.y Vol. 17, 1931, p. 273. 

Ew^d, W., and M. Polanyi» Z^Uchr,/. PhysUc, Bd. 28, 1924, pp. 29-50. 
ouwinlc, R., Elasticity ^ Plasticify and Structure of Matter: Cambridge, 1937, 
PP* 

P Geology ofSome Salt-Plugs in Laristan (Southern 

‘930. PP- 463-552. Wade (Joum. 
I *. Tecfml. Land., Vol. 17, 1931, p. 357) has also described g>'psum 
ocoirring on the northern shores of the Red Sea. 

• D., ‘Experimental Flow of Rocks under Conditions favour- 

eccystallization': Bull. GeoL Soc. Amcr.^ Vol. 51, 1940, pp. 1001-34, for 
8yP*um, and remarks on the Juras (pp. 58-9) for anhydrite. 
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Compound Folds.— In zones of folded rocks, inhomoeeneity 
of stress and rock matter result in the possibility that individual 
lolds may arise by one or other or by a combination of the 
above mechanisn^. An important type involving flexing of 
competent strata in buckle-folds and slipping of interbeddcd 
incompetent strata along planes of false cleavage is iht flexural- 
type of foldi (Fig. 67). Flow folds may be associated with 
buckle-folds, as in the Juras, or with bending folds as in the 
doming of strata over a salt plug. 



FIG. 57. — DISSECTED BLOCK DIAGRA.M OF A S/VLT DOME, SHOWING THE 
DOMING OP THE SEDIMENTS AROUND THE SALT l.NTRUSION, THE LIME- 
STONE C.\P ROCK, A.ND THE TOPOGR^\PHIC BASIN A.ND ^VNNULAR RIDGE 
PRODUCED BY EROSION OF THE OVERLYING BEDS AT THE SURFACE 
(Simpliricd after Carlton in Situduit of Typical Amfrican Oilfields, Vol. II, 1939) 

Salt Domes. 

In many regions where salt deposits occur, the salt, al- 
though it must originally have possessed the shcetlike form of 

^ Knopf, E. F., ‘ Pc tro tectonics’: Amrr. Journ. Sci., Scr. 5, \’oL 25, 1933 
pp. 433*70 (sec pp, 464-7); 'Structural PctroIog>‘’: Man. CeoL Soc. Ama., 
No, 6, 1938, 
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normal sedimentary strata, is found to have accumulated into 
masses. These may be circular, elliptical, elongated, or irregular 
in plan, and typically they penetrate the beds that would norm- 
ally overlie the salt. Buried or partially uncovered ridges of 
salt, of which one axis in plan is considerably longer than the 
other, are termed salt anticlines^ while salt plugs or stocks are 
subcircular in plan. The general term salt dome is used to include 
these and the less-regular types of salt bodies. Normally, the 
overlying beds are domed up over the salt masses, the wall 
rocks are strongly dragged upwards (Fig. 57), and are also 



PIC. 58. — SECTION ACROSS A SALT DOME NEAR HAN’ONXR 

(After Seiai) 

The basement rocks are not folded, but ilic salt shows complex folding 
and thrusting, and has domed up the overlying beds. 

often brecciated, while the salt exhibits complex folding and 
minor shearing, excellently shown in the salt mines of Saxony 
(Fig. 58)*^ At the summit of many salt domes is a cap rock, con- 
sisting of calcite, gypsum, and anhydrite, often with some 
sulphur. 

It is now firmly established that salt domes are intrusive 
bodies, which have actively penetrated the sedimentary strata 

> Imporl^t works on salt tectonics axe— The Geology of Salt Dome OH 
Fw/dn published by Amcr. Assoc. Petrol. Geologists, 1926. ‘Symposium on 
Salt Domes’: Joarn. Inst. Petrol. Tethnol Land., Vol. 17, 1931, pp. 252-383. 
Probtenu of Petroleum Geology : published by Amcr. Assoc. Petrol. Geologists, 
1934- Fulda, E., ‘Salztcktonik' : d. deulsch. geot. Gesellsch., Abt. 79, 1927, 

pp. 178-96. Also various arUclcs in The Science of Petroleum: Oxford. 1938. 
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that formerly overlay the original salt deposit.^ By Stille it is 
held that the rise of the salt is mainly due to the effects of lateral 
compression in the crust, the intrusive salt masses being re- 
garded as extreme examples of diapiric folds which have been 
aided in their formation by the mobility of the salt. This con- 
cept is doubtless applicable in regions of compression such as 
the Roumanian oil-fields, but many salt domes are unrelated to 
tectonic folds, and the evolution of these is pictured as follows. 
Irregularity in the pressure exerted on the salt deposit by 
the overlying strata results first in lateral flow of the salt, 
\vhich accumulates as ridges beneath places where the pres- 
sure is low. Such irregularities may arise from variation in the 
thickness of the salt and of the overlying sediments, from 
structural weaknesses in the overburden, from erosion, or from 
arching of the salt or the overlying beds. Once the salt has 
accumulated into masses, hydrostatic forces, due to the low 
specific gravity of the salt compared with that of the normal 
sediments above it, cause the masses to rise through the over- 
lying sediments, as oil rises through water. On this h>T 30 thesis, 
the salt will cease to rise when the hydrostatic forces are no 
longer sufficient to overcome the resistance offered, or when 
the supply of salt is exhausted. The possibility is thus indicated 
that salt masses without roots may exist. Experimental studies 
lend support to the suggestion that it is the low specific gravity 
of the salt deposits which is mainly concerned with the forma- 
tion of intrusive salt domes,* although both the salt and the 
surrounding rocks that are shouldered aside, must be plastic 
for intrusion to take place. The occurrence of these structures 
in regions where the rocks are very little disturbed, as in the 
Gulf Coast region of North America, also points to the prob- 
able validity of this theory, though in the Roumanian oil-fields, 
where the tectonics are complex, lateral pressure may actually 
dominate in the control of salt structures. 

• Siille, H., Geology of Salt Dome Oil Fields: 1926, p. 142. 

* Eschcr, B. G., and P. H. Keunen, ‘Experiments in (Annexion with Salt 
Domes’; Leid. Geol. Med.^ Dcel 3, 1929, pp. 151-82. Link, T. A., ‘Experi- 
ments Relating to Salt Dome Structures’: Bull. Attut. Assoc. Petrol. Geologists, 
\’ol. 14, 1930, p. 4. Nettlcton, L. L., ibid., Vol. 18, 1934, p. ii 75 ‘ 
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3. MINOR STRUCTURES IN FOLDED ROCKS 


Drag Folds. — As has already been noted (p. 81), the dev'elop- 
ment of parallel folds in competent strata is accompanied by 
slip of the beds relatively to each other, along the bedding 
planes. Evidence of this bedding plane slip is often afforded by 
slickensides. Where competent and incompetent strata are 
interbeddcd, the movements of the former relatively to each 
other subject the incompetent strata to shearing stress, which 
may cause small folds, called drag folds, to develop in them^ 
(see Fig. 59). The apices of drag folds lie at right-angles to the 
direction of the differential slip between the competent beds, 
so that in the case of buckle-folds, in which the upper of two 
adjacent competent beds moves over the lower towards the 
crest of an anticline, the trend of the axial lines of drag folds 
should be parallel to that of the fold on whose limbs they occur. 
The direction and angle of pitch of the drag folds and the 
major fold should in such cases correspond. 

It has been stated that ‘the degree and direction of the pitch 
of a fold are often indicated by those of the axes of the minor 
plications on its sides’ (Pumpelly’s rule).- This rule, as origin- 
ally formulated, does not refer to drag folds in the sense defined 
above, but to the minor folds of an anticlinorial or synclinorial 
structure. It was formulated by Dale under Pumpelly’s guid- 
ance, and was stated to be ‘applicable primarily to the study 
of the metamorphic rocks of Mount Greylock, and then to a 
large part of the Taconic region and to similar rocks and 
regions’. Later workers have extended the rule to include drag 
folds as well as minor folds,® in the belief that minor folds are 
caused by drag between major competent formations in anti- 
clinoria and synclinoria.'* The universal applicability of this 


* y®" Lciih, ‘The Geology of the Lake Superior 

Region : U.S. Geol. Sure., Mon. No. 52, 1911, p. 123. 

» Pumpelly, R., J. E. Wolff, and T. N. Dale, ‘Geology of the Green 
Mountains in Massachusetts': U.S. Geol. Sure., Mon. No. 23, 1894, p. 158. 

n Structural Geology: New York, 1923, pp. 176-81. Nevin, 

R fj:;,: Geohgy: New York. 1931, P- 74 - Willb, B., and 

K.^WjIlis, Geologic Structures: New York, 1934, pp. 97-9. 

i> C. K. Leith, ‘Tlie Geology of the Lake Superior 

cgion : U.S. Geol. Sure,, Mon. No. 52, 1911, p. 253. 
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latter concept lacks confirmation, but nevertheless Pumpelly’s 
rule does apply lo the majority of minor folds in many regions 
of complex structure. Exceptions are, however, so numerous 
that the rule must be used with discretion as a guide to major 
structures. Furthermore, the practical value of extending it to 
include true drag folds is doubtful. The attitude of these de- 
pends entirely upon the direction of relative movement of the 
thick competent strata, and in regions whose tectonic history 
has been complex, such movements will certainly have taken 
place in several directions, van Hise and Leith state that in the 
Vermillion district the axes of drag folds lie ‘in any direction 
in the plane of bedding’, and Derr>'^ has described sieep- 



FIC. 59. — DRAG FOLDI.NC IN FOLDED STRATA 

On the right are shown congruous drag folds caused by bedding plane 
slip in the direction of the arrows: on the left, incongruous drag folds due 
to horizontal bedding plane slip. 

pitching drag folds, independent of the major folding, as well 
as drag fold dependent on that folding, in the Pre-Cambrian 
rocks of the Canadian Shield. In the Lower Palaeozoic rocks 
of Victoria, similar steepnpitching drag folds occur, related to 
nearly horizontal bedding plane slip developed in already 
steeply dipping beds. It may be useful to apply the term con- 
gruous to those minor folds and drag folds that agree with Pum- 
pclly’s rule, being presumably dependent on the major folding 
forces, and to refer to those that do not, whether dependent or 
independent, as incongruous (see Fig. 59). 

On the assumption that an obser\'ed drag fold is congruous 

» Dcro’. D. Rm ‘Some Examples of Detailed Structure in Early Pre- 
Cambrian Rocks of Canada’: Quarl. Journ. Ceol. Soc., Vol. 95, t939» PP- 
109-34. 
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to OOtic/ine 



it may be used in the field to indicate the direction in which the 
neighbouring synclinal and anticlinal axes lie. The acute angle 
between the axial plane of a drag fold 
and the bedding planes of an adjacent 
competent bed points in the direc- 
tion in which the competent bed has 
moved, and, remembering that the 
upper of any two competent beds 
moves towards the crest of an anticline 
and the lower towards the trough of a 
syncline during folding, the position of 
the anticline and syncHne can be de- 
duced, as in Fig. 6o. 

Joints . — K joint is a fracture in a 
rock mass, along which there has been 
extremely little or no displacement. 

At the surface, joints often become 
open fissures as a result of weathering, 
but below the zone of weathering they 
are closed, and sometimes sets of joints 
in the surface rocks are not represented 
in depth. Joints develop in sediment- 
ary rocks from a variety of causes. 

Including shrinkage accompanying 
dehydration, expansion due to 
weathering, tectonic deformation, and 
tidal effects in the crust. The jointing 
of igneous rocks is dealt with in Chap- 
ter VI. Joints are said to form sets 
when they are arranged in one scries 
which is parallel in dip and strike over 
a considerable area, or ^sterns when there are two or more sets 
intersecting at a more or less constant angle. The analogy of 
joint systems with the shear planes and tension gashes of ex- 
perimentally deformed solids has long been recognized,*- and 

*A Synihi^quu de G^bgie ExpMmenlaU: Paris, 1879; 

AppUcaUon dc la Methode cxpi^entalc a I’^tude dcs Diformations ct dcs 
t-assures terrestres’: Bull. Soc. CM. France, Vol. 7, pp. 108-41. Daubree’j 


FIG. 60. — DRAG FOLDS 

(assusied to be con- 
gruent) IN INCOMPE- 
TENT BEDS LYING BE- 
TWEENCOMPETENTSAND- 
STONES 

The direction of bed- 
ding plane slip, inferred 
from the attitude of the 
axial plane of the drag 
fold, is in the direction of 
the arrows, so that the 
sandstone on the right is 
the youngest bed. 
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tectonic joints may be classified as shear (or slip) joints and 
tension joints y according to their nature.^ 



FIG. 6l. SYSTEMS OP SHEARING JOINTS 

(Adapted from Nevin* Frifuiplu p/ Stnutxaal 

1. Joints arc caused by horizontal compression (N.— S.)> with the direction 

of easiest relief upwards. A, B, C, arc the principal axes of the strain 

ellipsoid* ^ • l j* • 

2. Joints arc caused by horizontal compression (N.-S*), with the direction 

of easiest relief horizontal (E.--W.), . • r 

3. Joints arc caused by horizontal shearing stress, with the direction ol 

easiest relief horizontal* 

Shear joints arc either shearing planes along which the 
differential slip has been of microscopical amount, or potential 
shearing planes which have become visible as a result of 

work should be used with caution in the light of modem knowledge— sec 
(p. 42), also Bucher, \\\ H., ‘The Mechanical Interpretauon of Joints : 
Journ. Geot., Vol. 28, 1920, pp. 707-30: ^ol. 19, 1921, PP- *"^8. 

* Cloos, H., EinfiJirimg in die Geotogie, pp. 224-30. Nevin, C. M., rruict^ 
of Structural Geology^ pp. 138-54- Leith, C. K., Structural Geology, 

Willis, B., and R. Willis, Geologic Structures, pp. 1 14-40. Bucher, W . 

1920. Sheldon, P., ‘Some Obscr\'ations and Experiments on Joint Planes . 
Joum. Geol, 20, 53 -j 83> I9>2- Swanson, C. O., 'Notes on Stress, Strain, an 
Joints’: ibid., Vol. 35, i927» PP- »93-223‘ 
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readjustments taking place in the deformed rocks as a result 
of weathering, or of fatigue under alternating stress.* 

In field interpretations of joint sets and systems it is im- 
portant to remember that the direction of the axis of mean 
strain is given by the intersection of complementary sets of 
shearing planes, and that the tension joints or gashes form at 
right angles to the axis of greatest strain, in the plane of the 
axes of least and mean strain. Interpretations of systems of 
major joints on these principles are shown in Fig. 6i. In the 
first case, pressure acts from north to south on rocks in which 
the easiest relief is in a vertical direction. In the second, the 
direction of easiest relief is assumed to be in an cast-west 
direction, vertical joints resulting under compression from 
north and south. Finally, shear in a horizontal plane, with 
easiest relief also in this plane, will result in a similar joint 
system, and it is therefore not possible to infer the nature of the 
forces which have acted on the rocks from a consideration of 
jointing alone, though taken in conjunction with all the other 
evidence, jointing may be useful in this regard.* 

Jointing in Qosely Folded Sediments. — The jointing is usually 
very complex in closely folded sediments. B. Willis and R. 
Willis* have attempted to differentiate between the type of 
jointing in folds caused by direct compression on the one hand, 
and by horizontal shearing stress on the other. The theoretical 
interpretation of joints in folded rocks is, however, not yet 
based on sufficiently sound principles to allow deductions to be 
made from joints concerning the origin of the folds. A more 
empirical treatment therefore appears preferable. 

Apart from the regional joints, treated above, there are local 
joints obviously related geometrically to individual folds. At 


Kendall, P. F., and H. Briggs, ‘The 

Vor« *he Cleat of Coal’: Proc. Roy. Soc. Edinburgh, 

vol. 53 » 1933. pp. 164-87. * 

Relad^ 7 « k Great Scar Limestone of Craven, and its 

Soc., Vol. 87, 1931, 

andKendatl Vol. 28, 1920, pp. 707-30; 

for the cffcctA^f torefon’ 53 . I 933 . PP- >64-87, 

' Geologic Structures: New York, ,934. Pp. 94-105. 
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crests and troughs, for instance, competent strata often exhibit 
radially arranged joints, generally regarded as being tension 
joints caused by the stretching of the outer sides of the beds in 



FIG. 62. — RADIAL TENSION JOINTS IN SANDSTONE AT AN ANTICLINAL 

AXIS. CASTLEMAINE, VICTORIA 

(From a photograph in .\fm. Ciot, Surr. I'ui., No. 2^ 1903: The Castlemainc Goldfield) 


the flexures (see Fig. 62, and p. 41). These are strike joints. 
Other strike joints, not radially arranged but forming parallel 
sets, represent incipient shearing planes, probably induced by 



FIG. 63. — INTERSECTING JOINT SETS IN THREE SANDSTONE BEDS 

AT STUDLEY PARK, VICTORIA 

The joints in each bed arc independent of those in the others. 

the regional compression at right angles to the axes of the folds. 
Closely folded beds are ako often divided into parallelepipeds 
by the parting planes afforded by two intersecting sets of joints 
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and the stratification planes* (Fig. 63). The pattern of these 
joints strongly suggests that they are incipient shearing planes: in 
many instances they intersect along lines at right angles to the 
stratification planes, and the angle between them is different in 
each bed. Willis and Willis® classify them as compression joints, 
but their origin is more probably connected with weathering. 
Other examples of intersecting shear joints can be related to 
faults transecting the folds, and thus of later origin than them. 
In these, the intersection of the shearing planes may be oblique 



PIC. 64. — SHEAR JOINTS COGNATE WITH SHEAR THRUSTS {f-f) IN 
SILURIAN SANDSTONES AT STITOLEY PARK, VICTORIA. INTERBEDDED 

MUDSTONES ARE NOT JOINTED 


to the bedding, and the joints may be either parallel to the 
faults (Fig. 64), being probably caused by the same stresses, or 
at an angle to them (see pp. 131-5), and due to locally 
developed stresses connected with the faulUng. Joints that Uc 
approximately at right angles to the crests and troughs of folds 
and across several beds may be termed transverse joints, 
' . 5 )' ^dey arc probably tension joints caused by the 

stretching of crests and troughs that are arched longitudinally. 

joints arc useful since they indicate the 
pitch of folds, to which they are normal. 

\ n ^bsidiary joint set is also often present. 

Gtohgic Structures: New York, 1934, pp. ,,4-16. 
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The possible complexity of minor structures accompanying 
folding is well illustrated in experiments with clays. ^ A cake of 
clay, subjected to a direct push from one side, is thrown into 
folds striking at right angles to the active pressure, but these 
folds are transected by complementar>’ shearing planes of the 
nature of normal faults, trending at right angles to the folds 
(see Plate IV). The axial lines are offset in places by vertical 
shearing planes making an angle of about 50® with them. 
These directions of shearing may be developed either as faults 
or joints. It may be remarked that there are nvo reasons why 
more than one set of shearing planes arises in an experiment 
carried out with homogeneous material. The first is that the 



FIG. 65. — MAP OP THE ‘.nose’ OF A PITCHING ANTICLINE, SHONNTNO 
TRANSVERSE JOl.N'TS LYING APPROXIMATELY AT RIGHT ANGLES TO 

THE CREST OF THE FOLD 

Strain is heterogeneous, especially after some of the clay h^ 
piled up above the original surface of the cake. The second is 
that folded portions bounded below by strongly developed 
shearing planes are no longer subjected to the full effects of the 
compression, and subsidiary shearing planes due to the arching 

of the fold crests can thus be developed. 

Cleavage.— Rocks that possess a cleavage may be split into 
thin sheets along parallel or subparallel planes that are of 
secondary origin and are formed as a consequence of meta- 
morphism. Cleavage is independent of original structures such 
as bedding, and it generally maintains a certain constancy of 
dip and strike irrespective of the folding of the strata, so that 

» Cloos, H.. ‘Zur TckionUchcn Stcllung dcs Saargcbictcs’; d. DeuUth. 
Ceol. Ges., \'ol. 85, 1933. PP- 307 -' 5 : in du Geologtr. Berlin. i 93 b, 

pp. 272-9. 
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it may intersect the bedding at any angle. Cleavage is deter- 
mined either by mechanically formed planes of weakness such 
as shear, flow or knick-planes, or by the parallel orientation 
of flaky mineral particles formed chiefly during recrystalliza- 
tion, and in most, if not all rocks possessing good cleavage, both 


factors have operated. 

Shearing may take place along one set of surfaces only, in 
which case it lies at an angle to the A-B plane of the strain 
ellipsoid, appropriate to the rock under the conditions of de- 
formation that obtain. Again, shearing may occur along two 
conjugate directions, in which case the actual displacement of 
any portion of the rock is determined by the sum total of 
movements on both, and lies in some position intermediate 
between the conjugate shear surfaces. Cleavage may follow 
one dominant shear direction or may correspond with the 
direction of elongation (‘flow*) in a rock, or with other struc- 
tures such as knick-planes; thus its attitude in relation to the 
strain ellipsoid is variable. Evidence for the translations in- 
volved may be obtained from the displacement of planes such 
as bedding, foliation, or earlier cleavage; from the deformation 
of fossils, oolite grains, pebbles and the like, from considera- 
tion of the geometry of parallel-sided strata, and from direct 
observ'ation of the shearing and fracturing of mineral grains 
(Fig. 107).^ 

Interpretation of observed deformations in terms of the 


strain ellipsoid is difRcult for many reasons. Firstly, a given 
strain may arise in various ways (see p. 27); secondly, the 
initial attitude of structures may be changed by later move- 
ments; and again, the physical properties of rocks at the stage 
of cleavage development are unknown. For instance, it is 
thought that planes which, from the displacement of bedding 
or foliation along them, appear to be simple shearing planes 
(Fig. 55) may in fact be analogous to flow planes such as are 

o" Pa«c 105, see Harker, A., ‘On Slaty Cleavage 

f ■ ?■’ ‘Deformation of GraptoUtes and Sandstones 

FeU^ rT '9*4. PP- 

c Flowagc m Appalachian Quartzite’: 

null. Oecl. Soc. Amer., Vol. 54, 1943, pp. ,400. 3a. 
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formed in rolled or extruded metals, in wet clay, or in liquids, 
and thus may lie normal to the axis of compression.^ 

The orientation of new minerals formed during chemical 
reconstitution is controlled by the stress conditions, and by 
directional influences such as bedding planes, shearing, and 
flow surfaces in the rock, so that again the resultant cleavages 
have various angular relationships \Wth the strain axes (see 
pp. 159-61). However, since cleavage is by definition inde- 
pendent of l)edding, examples of recrystallization, following 
original bedding as in some schists, are not properly referable 
to cleavage but may be termed bedding-schistosity^ or, at a lower 
metamorphic grade, bedding-fissUity. 

Although it is clear that ‘cleavage* includes structures formed 
in a variety of different ways, it bears a close relationship in all 
to the movements of the parts of the rock concerned, and 
similar rock-types in comparable tectonic settings tjqjically 
develop cleavage in somewhat similar ways, so that it is of 
great importance in mapping. 

Slates, for which the term cleavage was originally coined, 
are Ibrmed chiefly from argillaceous sediments or fine-grained 
tuffs. Reconstitution affects the original clay minerals, the 
hydrolysates and carbonaceous constituents, but quartz and 
much of the original mica are in general mechanically de- 
formed rather than recrystallized. The specific gravity of 
slate is higher than that of the parent rock, partly because of 
reduction in the percentage of voids and partly because of loss 
of combined water during recr^'stallization. The majority of 
secondary' lamellar minerals in slates (e.g. mica, chlorite, 
hematite and graphite) lie with their plane surfaces and good 
cleavages in parallel orientation, due either to their growth in 
some definite space relationship to the strain or to the stress- 
axes, or as a result of rotation into parallelism by drag along 
a dominant set of shearing or flow planes in the plastic rock 
mass. Fig. A, PI. Ill, illustrates the microscopical structure of 

* Wliiie, \V. S., ‘Cleavage in East-Central Vermont’: Trans. Amer. Geephys. 
Union, Vol. 30. «949, PP- 587-94- Cloos, E.. ‘Oolite Deformation in the 
South Mountain Fold, Mainland’: Bull. Geol. Soc. Amtr., Vol. 58, 1947. 

PP- 843-918. 
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slate in which the rotation of the calcite porphyroblasts, re- 
vealed by the lines of inclusions which were originally parallel 
with the cleavage, shows that differential slip has taken place 
along this direction during the growth of the calcite cry'stals. 
Such contemporaneous recrystallization and deformation is 
referred to as syntcctonic crystallization, or paracry-stalline 
deformation (see pp. 167-8). 

Mineralogical reconstitution is effective in all slates; poten- 
tial voids or ruptures are filled as they form with secondary 
quartz and chlorite, as is well shown in the ‘eyes’ or ‘pressure 
fringes’ around hard crystals such as pyrites (see p. 169), but 
mechanical effects are also important. Individual planes of 
shearing or flowage are generally discernible under the micro- 
scope, although they may be extremely closely spaced, and 
again, the shearing or flexing of sandy or coloured stratifica- 
tion-layers and laminae along the cleavage is characteristic.* 
In beds graded from an arenaceous base to an argillaceous top, 
cleavage is curved in the manner shown in Fig. 67, a, deviating 
sharply in passing upwards from an argillaceous top to an 
adjacent arenaceous base. Cleavage in sharply bounded aren- 
aceous strata interbedded in slate deviates abruptly from that 
in the slate except where cleavage and bedding are at right 
angles to each other, as they normally are at fold axes. The 
angular relationships of cleavage are therefore connected with 
the mineral composition of the rocks and their situation in rela- 
tion to the geometry of folds, which is more fully discussed later. 

Typw of Cleavage. — A variety of types of cleavage has been 
recognized by different authors, but two contrasted types, flow 
and fracture cleavage respectively, arc classic concepts in 
Norm American structural geology.* In flow cleavage the rock 
IS thoroughly reconstituted and its clcavability depends on 


by Po««sing typical slaty cleavage arc given 

Am f of Eastern New York and Central Vermont*; 

co^™ni?aSiriat wt. ’ P»’'^nomena arc 

9 «vagc*: U.S. GtoL W, Bull. 239. An excellent 

Qeavaie I*'"'"" Relationship of Slaty 

Sinictures to Tectonics’: Proc. G<ol Assoc., Vol. 57, 
*940. pp. 863-302 (with Bibliography). ^ 
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the parallel orientation of lamellar minerals of micaceous habit. 
It will split along any arbitrarily chosen plane parallel with 
the direction of mineral orientation, and the term is therefore 
particularly applicable to transverse schistosity, since in schists 
individually distinct planes of shearing or flowagc are obliter- 
ated in favour of an overall directional texture that extends 
even to the cr\’stal lattices of component minerals. As explained 
above, its use for bedding schistosity is not advocated herein. 
Ancillary notions that have become attached to the flow cleav- 
age concept by various authors are that it forms in the A-B 



A “ 

PIC. 66. — A. CLEAVAGE PARALLEL TO THE AXIAL PLANES OF PUCKERS 
IN MIOV SCHIST. CiVSTERTON, VICTORIA. ( X 1 APPROX.) 

D. CLEAVAGE DEVELOPED IN THE CORE OP A SMALL SYNCLINE 

The cleavage planes are shearing planes in the upper part of the fold, and 
are parallel to the stretched limbs of minute puckers in the centra! part. 
In the lower sandy part, cleavage is absent. Mitta Mitta Rwer, \ ictona. 
( X 1 approx.) 

plane of the strain ellipsoid, that it is necessarily parallel with 
the axial (apical) planes of folds, and conversely, that axial 
plane cleavage is flow cleavage. Exceptions can be quoted to 
all these rules, and the term is best used only to describe the 

texture and microstructurc of a rock. ^ 

Fracture cleavage, on the other hand, was defined as 
tioned by the existence of incipient, cemented, or welded 
parallel fractures and is independent of a parallel arrange- 
ment of the mineral constituents’.' 

It is thus the antithesis of flow cleavage, although the latter 

‘ Leiih, C. K.. cp. cil. 
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is influenced by deformation-planes, and fracture cleavage 
grades to flow cleavage as the proportion of orientated mineral 
grains increases. The term fracture cleavage is applicable 
where the cleavage is determined by fractures along one or 
both of the conjugate shear directions in a deformed rock, but 
it has no constant relationship to the strain axes, since as shown 
by Harker and others, strong shearing on two directions may 
lead to cleavage in a composite plane between the two.* In 
rocks that exhibit pronounced shear fracturing, the presence 
of plastic matter such as clay plays an important part in bind- 
ing the rock and probably too in facilitating overall flowage, 
as in argillaceous sandstones. 

In slates and schists, a structure similar to fracture cleavage, 
but with marked flexing of the earlier cleavage or foliation 
along the shear planes, may be present. This is strain>slip cleav- 
age, slip cleavage or shear cleavage,® and is typically found 
only in rocks that have undergone a certain degree of re- 
crystallization — slates, phyllites, and schists. Where strongly 
developed, lamellar minerals come to lie in the shear zones in 
parallel alignment, and the further intensifleation of the struc- 
ture has been shown to lead to transverse schistosity® and it is 
obvious from the flexing of micaceous minerals and foliation 
along the shears that the whole rock was involved in flowage, 
a good deal of which went on without actual rupture. In 
described examples such cleavage varies from parallelism with 
the axial planes of folds, to angles of 45® with them. 

Although the relationships of cleavage to stress and strain 
conditions are variable, its attitude in folded beds shows cer- 
tain regular relationships to the strata, which make its use in 
field work of great importance. 

* Harker, A., AUlamorphim: London, 1932, pp. 152-7. Sander, B., Gejugt~ 
kunde der GtsUinti Vicnna> 1930. 

* Harker, A., ‘On Slaty Cleavage and Allied Rock Structures’: Rept. Brit. 
^oc. Adv. Sci.y 1885 (1886), pp. 813-52; Dale, T. N., ‘The Slate Belt of 
Eastern New York and Central Vermont’: tgth Ann. Rept. U.S. Geol. Surv., 

3 « *897-98, pp. 153-3071 Mead, W. J., ‘Folding, Rock Flowage, and 
Foliate Structures’: Joum. Geol., Vol. 36, 1940, pp. 1007-21. 

rr East-Central Vermont’; Trans. Amer.Geophys. 

Unm, Vol. 30, 1949, pp. 587-94. 
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Relationship of Cleavage to Folding.^ — Cleavage that is 
genetically connected with folding may be recognized by a 
close systematic relationship between the cleavage and the 
geometry of individual folds. However, in many folded zones a 
cleavage fan is developed, the dip of the cleavage gradually 



A. Cleavage dipping outwards in slate, and coarse cleavage (‘iissuring’} 
radiates inwards in sandstone, in graded beds. Note puckering of sandy 
laminae (black) in slate. 

B. Radiating cleavage in anticline, with direction of elongation indicated 
by deformation of pebbles and ooids. 

changing over considerable tracts of country across the strike, 
so that it converges either upwards or downwards. This ar- 
rangement, which is seen in Snowdonia, Denbighshire, and 

* Cloos, H., and H. Martin, ‘Dcr Gang einer Falte’: Forlschr. da Geol. u. 
Pal., Vol. II, 1933, pp. 74-88. Scholtz, H., ‘FaJtung und Schieferung iin 
Osisauerlander Hauptsattel’: Cbl.f. Afin., Off., Abt. B, 1932, pp. 321-35. 
Dale, T. N., ‘The Slate Belt of Eastern New York and \Vcstem Vermont’; 
igih Ann. Rtpt. U.S. Geol. Surv., Pt. 3, 1899, pp. 153-307- Scholu, H., ‘Uber 
das Alter der Schieferung und ihr Verhaltnis zur Faliung’; Jahih. d. Preuss. 
Geol. Landesanst., Vol. 52, 1931, pp. 303-16. Greenly, E., ‘Foliation and iu 
Relation to Folding in the Mona Complex at Rhoscolyn (Anglesey)’: Quart. 
Joum. Geol. Soc., Vol. 86, 1930, pp. 169-90. Gair, J. E., ‘Cleavage and the 
Distortion of Stratigraphic Thicknesses in Appalachian Folds’: Trans. Ama. 
Geophys. Union, Vol. 30, 1949, pp. 1 16-18. Engel, A. E. J., ‘Studies of Cleav- 
age, etc.’: Trans. Ama. Geophys. Union, Vol. 30, I949> PP* 7®7-®4* 
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Flintshire* and also in the Rhineland® is clearly connected 
with the regional tectonics, but not directly with the folds 
themselves. 

In dealing with slaty cleavage, which will be taken as typical, 
the relationship to folding varies. In folds having the character- 
istics of shear folds, the cleavage is strictly parallel with the 
apical plane of the fold (Fig. 55, a), but commonly it deviates 
from the apical plane in the limbs. It may dip uniformly either 
inwards or outwards or again outwards in the argillaceous beds 
and inwards in the arenaceous, in an anticline. Strong cleav- 
age-zones in the sandstones have an appearance like fissures, 
and where these are closely spaced, as they are at fold axes, 
they may be mistaken for bedding planes. The puckering of 



PIC. 68. — SHOWING CLEAVACe PARALLEL TO THE AXIAL PLANE OF 

AN INCLINED PITCHINC FOLD 

The trace of the cleavage on the bedding indicates the pitch. 

arenaceous or calcareous laminae in slates is characteristic, 
and is very strongly marked near the axes (Fig. 67). 

E. Cloos’ study of the South Mountain fold in Maryland® 
demonstrates by the study of deformed oolite grains in the 
limestones of the district that the variations in cleavage dip 
and intensity are directly related to the internal strains. Cleav- 
age is parallel with the A— B planes of the oolite grains which 
r^y be regarded as strain ellipsoids. The results are of con- 
siderable significance in stratigraphy since they indicate that 

* Boswell, P. G. H., The Middle Silurian Rocks of Jforth Wales: London. 
*949» PP- 96-108. 

• Scholtz, H., ‘Das varidsche Bewegungsbild’: Forlsekr. d. Geoi u. Pal., 

J930* 

■ ‘Oolite DcrormaUon in the South Mountain Fold, Maryland' : Bull. Ceol. 
Soc. Amer., Vol. 58, 1947, pp. 843-9!8. 
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stratigraphic thicknesses measured normal to the bedding may 
be erroneous. 

On the assumption that slaty cleavage is approximately 
parallel to the axial plane of folds, it may be used as a guide in 
the interpretation of complex fold structures. The pitch of a 
fold is indicated by the trace of the cleavage on the bedding 
planes in the fold limbs (see Fig. 68), because of the parallelism 
of the cleavage with the axial plane of the fold. Also, from an 
isolated outcrop showing cleavage and bedding, it can be 





PIG. 69. — \^RT1CAL SECTIONS SHOWING CLEAVAGE IN INCOMPETENT 

BEDS LYING BETWEEN COMPETENT BEDS 

The direction of bedding plane slip, inferred from the attitude of the 
cleavage, is shown by the arrows in the stippled beds. In A the younger 
beds lie to the left, in B, to the right of the section. 

decided on which side the next anticline and on which the 
next synclinc lies, if incompetent beds only are used in the test. 
The interpretation of competent beds is difficult and should 
not be relied upon. The rule is that the acute angle between 
bedding and cleavage points in the direction of bedding plane 
slip undergone by the adjacent bed (see Fig. 69), thus enabling 
the order of superposition to be determined, as with drag 
ing. Where the cleavage dips at a lower angle than the beds, 

overturning may at once be suspected. 

Boudinage.— This is a structure in which beds set in a yield- 
ing matrix are divided by cross-fractures into pillow-like sectors. 
The cross-fractures are not sharp, but rather rounded and they 
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may be compared with the ‘necks’ that develop in ductile meul 
test pieces under tension. Boudinage is seen in limestones and 
sandstones interbedded with shales in fold limbs, and again in 
schists and gneisses.^ 



FIG. 70. — BOUDINAGE IN SANDSTONE 

Sandstone interbedded in laminated slate, and showing boudinage due 
to stretching. Detail of the part encircled is shown below. 

* Gorin, F., ‘A propos du boudinage en Ardenne’; Bull. Soc. Beige <U C/o/., 
Vol. 42, 1932, pp. 101-14. Wegmann, C. E., ‘Note Sur le Boudinage': Bull. 
Soe. Gie>l. France, Ser. 5, Vol. 2, 1932, pp. 477-91. Walls, R., *A new record 
of boudinage structure from Scotland': Geol, Mag., Vol. 74, 1937, pp. 

325-32* 



Chapter V 
FAULTS 

A FAULT is a fracture along which observable displacement 
of crustal blocks has occurred, parallel to the plane of the 
break. Fault planes are therefore shearing planes, and their 
mechanical interpretation may be based upon the analyses of 
stress and strain relationships already given. In this chapter 
we shall be principally concerned with the description of the 
various kinds of faults and of the minor structures associated 
with them. 


I. NOMENCLATURE OF FAULTS 

Havdng regard to the direction of displacement of the crustal 
blocks relative to each other, we may classify faults as dip-slipy 
strike-slipy or oblique-slip faults. In dip-slip faults the direction of 
relative displacement of the blocks is parallel to the dip of the 
fault plane; in strike-slip faults it is parallel to the strike of the 
fault plane, and in oblique-slip faults, oblique along the fault 
plane. ^ 

If the plane of a fault is not vertical, the hanging wall is that 
face of rock which lies above the fault plane, and the/oot wall 
that which lies below. The hade is the angle between the fault 
plane and a vertical plane, and is thus the complement of the 
dip of the fault plane. 

By an examination of the faulted strata or of the minor 
structures associated with the fault, such as slickensides and 
joints (sec pp. 130-5), it is often possible to determine the 

* ‘Report of the Committee on the Nomenclature of Faults’: Bull. Gal. 
Soc. Amtr.y Vol. 24, 1913, pp. 163-86. 
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direction of relative displacement of the hanging and foot 
walls. In using the term ‘relative displacement’ nothing is im- 
plied as to which block actually moved; a downward relative 
displacement of the hanging wall block may occur by actual 
downthrow of this block, by upthrow of the foot wall block, 
or by both these mechanisms. As is shown in Fig. 71, it is not 
possible to determine even the relative displacement of the 


f 



(AAer Gill, 1935) 

At N the fault appears in section to be normal, and at R reverse. 

blocks from inspection of the faulted beds along one cross- 
Mcuon oidy, because the position of the beds in the hanging 
wau rclauve to those in the foot wall along this line will depend 
not omy on the displacement due to the fault, but also on the 
amtude of the fault plane and of the beds. 

^ displacement of the hanging waU is 

averse faults are those m which the displacement of the 
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hanging wall relative to the foot wall is upwards.' A dip-slip 
fault in which the hanging wall is displaced downwards rela- 
tively to the foot wall is therefore described as a dip-slip normal 
fault. We may also have dip-slip reverse faults and either 
normal or reverse oblique-slip faults, but the terms normal 
and reverse obviously cannot be applied to strike-slip faults, 
for in these there is no relative movements in a vertical 
direction. 



A, dip-slip normal fault; B, dip-slip reverse fault; C, oblique-slip normal 
fault; D, oblique-slip reverse fault. 

It should be noted that the Committee on Fault Nomencla- 
ture, instituted by the Geological Society of America, recom- 
mended in 1913* that a fault should be termed normal if the 
apparent displacement of a particular bed in the hanging wall 
along a given line of section is downwards relatively to the 
same bed in the foot wall. An apparently normal displacement 
does not, however, necessarily mean that the actual relative 

* Equivalents for these terms in German and French are. for normal 
faults, Abscluebungen, Verwerfungfn, failles normaUs, and for re^’crsc au ts, 
Aufschiebungen, Vberschiebungen, failles inverses. 

* Bull. Geol. Soc. Amer., \’o!. 24, 1913, pp. 163-86. 
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movement of the hanging wall block was downwards (see 
Fig. 71), and since the Comniittee’s usage has been adhered to 
by some American authors, it is obvious that, if confusion is to 
be avoided, care must be exercised in reading. 

If we consider the relationships beUveen the trace of the 
fault plane at the surface and the attitude of the faulted beds, 
a fault may be described as a strike fault if the fault plane strikes 
in the same general direction as the beds, a dip fault if it strikes 
in the general direction of the dip of the beds, and an oblique 
fault if it is markedly oblique to the strike of the beds. If the 
fault plane coincides with a bedding plane, the fault is called 
a bedding fault. Such faults are not easily recognizable in the 
field, although they are quite common, and curved fault planes 
may frequently be traced into bedding planes, where the 
relative displacement is not visible. 

The nomenclature of the chief types of faults may be sum- 
marized as follows (see also Fig. 72): 


Direction of move* 
meat in the fault 
plane — 

Displacement of hang- 
ing wall relative to 
foot wall— 

Strike of fault plane 
relative to strike and 
dip of beds — 

dip-slip 

normal 

strike fault 

oblique-slip 

reverse 

dip fault 

strike-slip 

oblique fault 


In this table any required term from one column may be 
^mbincd with any required term from the others to give the 
uli descnptiye terminology of a parucular fault, e.g. a normal 
iault m wluch the movement is obUque along the fault plane 

0 *“ the fault is at right angles to that of 
the faulted beds is an oblique-slip normal dip fault. 


9 
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2. NOMENCLATURE OF FAULT DISPLACEMENTS^ 

Slip and Shift . — Slip refers to the relative displacement of 
formerly adjacent points, measured along the fault plane. The 
net’slip is the resultant of the strike^slip and the dip-slip^ which 
refer to the displacement parallel to the strike and to the dip of 
the fault plane respectively (see Fig. 73). The displacement 
of crustal blocks is frequently not restricted to movements 
along one fault plane, but takes place in part by flexing 



PIO. 73. — OBUqUE-SUP NORMAL FAULT 

AB, net-slip; AC, strike-sUp; AD, dip-sUp. 


adjacent to the fault (sec Fig. 74 and p. 119). or by meam 
of slip along closely spaced parallel shearing planes. Ihe 
zone of disturbed rocks between the faulted blocks is termed 
the fault zone, and, as may be seen from Fig. 74 > describing 
the movement of the blocks as a whole, it is nectary to con- 
sider the relative displacement of pomts lying outside this zone. 
The term shifl is used to denote the relative displacement of 
points far enough removed from the fault to be unaffected b> 
local disturbance in the fault zone, and in broad discussions of 

1 For further information, consult U>c 'Report of the Committee on the 

Nomenclature of Faults*, Bull. Geol Soc. Am^., V^. 63-^6. 

Gill 1 E. 'Normal and Reverse Faults : Joum. Geol., \ ol. 43, 1935 . PP- 

c, 1-,, H W III ‘Some Notes on the Nomenclature of Faults . 

,o7.-9^Sualey H. W III Challinor. J., ‘The “Throw" of a 

-The 

Elements of a Fault’; Proc. Gtol. Assoc., Vol. 57 . * 946 . pp. 153-60- 
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faulting, it is more important than the slip. More specifically 
^ve can refer to the nei-shifly dip-shifty and strike or lateral shift. 

Separation. — This refers to the apparent displacement of the 
two comparable parts of a faulted bed or lode (e.g. top to top 
or bottom to bottom), measured in cross-sections taken in any 
required direction. The normal horizontal separation, or offset, is 
the distance bet^vecn the displaced portions of the faulted body 
measured at right angles to its strike, in a horizontal plane 



FIG. 74. — DIF-SUP NORMAL FAULT, SHOWING FLEXING OP 
THE BEDS NEAR THE FAULT PLANE 

AB is the dip-slip; X 2 is the dip-shift. 

(Fig.^ 75). The vertical separation is often important in mining, 
and is the vertical distance between comparable parts of the 
faulted body. The dip separation^ is the distance between com- 
parable parts of the faulted body on the hanging and foot walls 
r«pectivcly, measured parallel to the dip of the fault plane. 
If the intersection of the body with the fault plane on the hang- 
ing wall lies below that on the foot wall in a given cross-section, 
the faulted body shows a normal dip separation in the plane 
of the section. If the reverse is the case, it shows a reverse 
ip separation. Throw and heave are now used exclusively for 
apparent displacements as seen in a cross-section normal to 
the fault plane, not for the movement itself. Throw is the 
vertic^ distance separating the faulted parts of a bed, and 
heave the horizontal distance. 

The possible geometrical relationships of strata lying in 

*GiU, J. E., op. eit., 1935. 
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different attitudes and faulted in various ways are too numer- 
ous to permit adequate discussion in a book of this nature. For 
more detailed treatment of this subject the works mentioned 
below may be consulted.' 


r 



FIG. 75. — BLOCK-DIAGRAM OF A FAULTED BED (bLACK), SHOWING 
THE OFFSET (OO') AND THE APPARENT DIP SEPARATION (DD') 

3. DISCUSSION OF FAULTING 

Normal Faults.— In normal faults that are caused by regional 
crustal tension (Fig. 41)* or which are associated with the sag- 
ging under gravity of portions of the crust from which support, 
e.g. in the form of underlying magma, has been removed 
{gravity faults)^ the hanging wall moves downwards relatively 
to the foot wall. Actual upthrust of the foot wall takes place, 
however, in those normal faults that are caused by vertical 
push from beneath (Fig. 54), and in some cylindrical faults. 
A cylindrical fault involves the rotation of a crustal block 
about an axis, parallel to a fault plane that has the curvature 
of portion of a cylinder. A normal fault formed at the surface 
by upward rotation of the foot wall along such a cylindrical 

* Earle, K. W., Dip and Strike Problems-. London, 1934. B. C., and 

F. Debcnham, Srvrture and Surface-. London. 1929- 

Solution 0/ Fault Problems: London, igu- Haddock. M. H., Disrupud Strata, 
London, ^^nd edn., * 93 ®* 
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fault plane passes into a high angle reverse fault in depth' 
(see Fig. 76), and it is therefore clear that the distinction be- 
nveen normal and reverse faulting is not always of funda- 
mental significance dynamically. 



PIC. 76. — BLOCK DIAGRAM OP A CYLINDRICAL PAlrt^T 

A, axis of rotation. 


An individual normal fault may pass cither laterally or ver- 
tically into a monoclinal flexure, or it may retain its fault 
characteristics throughout its entire length, and die out by 

diminution of the throw. In the latter case the fault is generally 
crescentic in plan.® 

Pivotal Faults, In pivotal faulting the block that is depressed 
at one locality is elevated at another (Fig. 77). This may be due 



VIO. 77. BLOCK DIAGRAM SHOWING REVERSAL OP UP-AND 
DOWN-THROWN SIDES ALONG A PIVOTAL FAULT 


(Adapted froin Eaith FUxutts) 


DO P'* Jr«> Solution of Fault Problems: London, 1911, 

Berlin, 1936, pp. 19&-200. 

"ujk, H. G., Earth Flexures: Cambridge, 1929, pp. 96-8. 
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to warping of the blocks, in which case the direction of dip of 
the fault plane changes where the reversal of the upthrown and 
downthrown sides takes place, or it may be due to rotation of 
a block about an axis perpendicular to the fault plane, in 
which case the fault is normal at one end and reverse at the 
other, the fault plane dipping in the same direction throughout 
(Fig. 78, a). In a hinge fault one of the blocks hinges about an 
axis at right angles to the fault line, the throw increasing away 
from the hinge (Fig. 78, b). 



Strike-slip Faults. — Many of the faults in active regions of 
the crust are of the strike-slip type. The San Andreas ‘Rift’, in 
California, which extends in an almost straight line for over 
600 miles and has been active since early Tertiary times, is a 
well-known example. Displacements during recent earthquakes, 
as well as geological investigations, show clearly that the move- 
ments that have taken place along this fault are essentially 
horizontal. They are probably caused by shearing stre^ de- 
veloped as a component of north-south compression acting in 

a horizontal plane. 

The Great Glen fault in Scotland is also a strike-slip fault, 
and it is estimated from the matching of rock masses on either 
side that the lateral slip may be approximately 65 miles.® 


> Cloos, H., ‘Dau und Bewegung dcr Gebirge in Nordamcrika, Skandina- 
vien und Miltelcuropa’: Fortsch. d. Geol. u. Pal., Vol. 7, Hft. 21, 1928, pp. 
2SH-4. Bucher, W. H., The Deformation of the Earth's Crust: Princeton, I933» 
pp. 314-21. Vickery, F. P., ‘The Structural Dynaima of the Livermore 
Region’: Journ. Geol., Vol. 33, 1925, pp. 608-28. Willis. B., ‘San Andreas 

Rift, California’: >«m. Geol., Vol. 46, 1938. PP- 793-827. 

» Kennedy, W. Q.., ‘The Great Glen Fault : Quart. Joum. Geol. hoc., 

Vol. 102, 1946, pp. 41-78. 
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Unequal advance of adjacent sectors of moving nappes or of 
normally folded strata results in the development, concurrently 
\vith the major structures, of strike-slip faults that trend trans- 
verse to the strike of the deformed rocks. Such faults are best 
termed tear faults {iranscurrent or transverse thrusts of Geikic; 
Blattverschiebungen).^ In general, only one of the Uvo possible 



FIO. 79. — SKETCH MAP OP THE FOLDED JURAS, SHOWING THE CHIEF 

folds and the tear faults (f) along which the fold axes are 

OFFSET 

(Ader Heim, Trom Bucher, TTu Df/ermolien «•/ t/u Earth's Cnuf) 

directions along which shearing may take place between the 
moving blocks is strongly developed, the dominant direction 
btting that which is most nearly parallel to the direction of 
movement of the rocks (see also p. 39). Important tear faults 

Plfhi Geolog)!'. New York, 3rd edn., 191a, pp. 

c- - , ' Qs^ort. Joum. Geol. Soe., Vol, 62, 1906, pp. botvi-viii. 

lo^c n and Tear Faults’: Amer. Jmtm. Sei-t Vol. 29, 

^‘.1! ® critical discussion of the nomenclature of strike-slip 

wita full bibhography. 
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have been recognized in many regions of nappe structure and 
also of normal folding^ (Fig- 79)- They have been experiment- 
ally reproduced by Cloos and by Lee^ (see pp. 62-3; Fig. 37, 
and Plate IV). 

Anderson has classified strike-slip faults as either sinbtral or 
dextral, according to the relative movements of the blocks. If 
the fault is observed from one side, it is sinistral if the displace- 
ment on the distant side is towards the left and dextral if 
towards the right. 

The term transcurrent fault has been applied as a synonym 
for strike-slip fault, but its use is inappropriate for faults such 
as the San Andreas, that are rather parallel wth than trans- 
verse to the regional structures. Such major faults, too, have 
tectonic relationships of an order different from the tear faults 
associated with folding, and the term wrench fault may be sug- 
gested as appropriate for them. 

Reverse Faults. — A reverse fault involves a shortening of the 
section of faulted rocks, whereas a normal fault involves a 
lengthening. If the plane of a reverse fault dips at an angle of 
45® or more, the fault is sometimes called an upthrust: if it dips 
at less than 45®, it is called an overthrust if the hanging wall is 
believed to have been actually thrust over the foot wall, or an 
underthrust if the foot wall is believed to have been pushed under 
the hanging wall.® Reverse faults in which the fault plane is 
horizontal, or nearly so, are called low angle thrusts^ or if the 
translation of the thrust blocks is very great, thrust nappes. 

Stretch thrusts are reverse faults which develop by the shearing 
ing through of the attenuated middle limbs of overturned folds. 
We have noted the existence of minute stretch thrusts in 
connexion with cleavage, but they may also occur on a grand 
scale as nappes (Fig. 32). \Vhere a resistant stratum shears at a 
flexure, one limb is pushed over the other along a break thrust. 


* Heim, A., Ciohgie der Schueizy \’ol. i, I 9 * 9 » P- 615, Fig. 103 (Juras). 
■Cloos, H., ‘Zur Tckionischcn SicUung dcs Saargebictes’: d. 

Deutsch. Gfol. Ges., Vol. 85, 1933, PP- 307 - 15 - Leo. J- S., ‘Some Character- 
istic Structural Typ>es in Eastern Asia, &c.’: Geol. Mag., Vol. 66, \^2^,passim. 

■ Lo%ering, T. S., ‘Field Evidence to distinguish Overthrusting from 
Underthrusting’: Geo!., N’ol. 40, PP- 651-63. 
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These are generally low angle thrusts of restricted downward 
extension, the shortening of the section of rocks beneath the 
thrust being taken up as crumpling ^ (Fig. 80). Shear thrusts are 



FIC. 80. — TWO STAGES IN THE DEVELOPMENT OP A BREAK THRUST 

(AHer WUIU^ 1893) 

shearing planes whose attitude is controlled by the mechanics 
of deformation and the physical properties of the rocks. They 
tnay develop in folded rocks by the squeezing of the beds in the 



PIC. 81. — A SHEAR THRUST DEVELOPED IN WEAK. ROCKS BY 
S<iUEEZlNG IN FRONT OP A MONOCLINE IN LIMESTONE 

(Aft€r R. \Vill 5 i, 1935) 

fold cores or in front of monoclinal flexures (see Fig. 8i),* or 
have no connexion with folding (Fig. 82). 

Most thrust faults along which very large displacement of 

of Thrust Faults’: Bull. Geol. Soc. Amer., Vol. 
PP- 40^4‘ Billings, M., 'Thrusting Younger Rocks over Older’: 
larh;» T”’ ***’ *933. PP- 140-65- Willis, B., ‘Mech.inics of Appa* 

• *393> PP- 2«-3. 

^ ^‘^^lop'ncnt of Thrust Faults’: Bull. Geol. Soc. Arwr., Vol. 46, 

*935i pp. 409-24. ^ ’ 
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the thrust blocks has occurred are low angle thrusts. Some of 
these are true shear thrusts, and arc probably caused by shear- 
ing stress acting in a vertical plane.^ The experiments of 
Cadell,* designed to imitate the structure of the north-west 
Highlands of Scotland, showed, however, that the application 
of direct compression, after first causing the piling up of a 
number of slices of rock by thrusts dipping at about 45®, 
finally produces low angle thrusts along which the piled-up 
slices move bodily (see Fig. 83). This may perhaps be due to the 
development of rotational strain within the deformed material,® 
due, for instance, to a decrease in the resistance of the super- 
ficial portions relatively to those lying beneath, which would 



FTC. 82. SHEAR THRUSTS, EACH OP WHICH SHOWS VARIATION LN 

THE A.MOUNT OF SLIP FROM POINT TO POINT, CUTTING HIGH-DIPPING 
SANDSTONES AND MUDSTONES AT STUDLEY PARK, VICTORIA 

permit more rapid advance of the upper parts. Kaisin* has 
emphasized for the Ardennes the importance of differences in 
the rate of advance of masses separated by faults. Such 
differences arise in rocks undergoing general flowage, because 
of differences in physical properties from place to place, and 
because of the freedom from constraint of the superficial 
masses. A distinction may be made between first-order thrust 

» Chamberlin, R. T., and W. Z. MiUcr, ‘Low Angle Faulting’: Jovm. 
Geol.t Vol. 26, 1918, pp. 1-44. Quirkc, T. T., ‘Concerning the Process o 

Thrust Faulting’: Joum. Geol., Vol. 28, 1920, pp. 4 > 7 - 38 - ^ 

» Cadell, H. M., 'Experimental Researches in Mountain Building : Tram. 

Roy. Soc. Edinburgh, Vol. 35, 1890, pp. 337 - 57 - . . , 

> Chamberlin, R. T., and W. Z. Miller, 'Low Angle Faulung : Joum. 

Geol., Vol. 26, 1918, pp. 1 - 44 - ^ 

* Kaisin, F-, ‘Pouss^es tangenticllcs ou “Champs icctomques ! : am. :>oc. 

Beige de Giol., V'ol. 53, 1944 . PP* 228-63. 
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faults (JailUs de chamage) which die away upwards, and away 
from the zone in which the structures have their origin (as 
with the basal thrust planes in Fig. 83), and second-order 
faults [failles d" entrainment), which originate at major thrusts 
and die out away from these (i.e downwards, beneath the 
main fault). 

Imbricate structure [Schuppenstruktur), well exhibited in the 
north-west Highlands of Scotland, consists of a series of thin 
rock slices separated by high angle thrusts. In the Glencoul 
area, the zone of imbricate structure is bounded above and 
below by low angle thrusts of later development, and the 
thrusts in the imbricate zone are unconnected with folds, being 
true shear thrusts' (see Fig. 29, p. 54). 



FIG. 83. — EXPERIMENTAL REPRODUCTION OF IMBRICATE STRUCTURE 

(After Cadell^ tS^o) 

Pressure was applied in tlie direction of the arrow, producing first the 
imbricate structure and then the basal thrust plane or sole, t.p. 


If a plane along which thrusting is taking place reaches the 
earth’s surface, over which the thrust block then advances, the 
fault is termed a surface thrust [Reliejiiberschiebung) Such faults 
ntay arise by erosion of the arch of a major anticline, which 
allotvs a competent member in one limb to slip over under- 
lying incompetent beds, and to move fonvards over the 
erosion surface. They are then called erosion thrusts,^ being 
dependent upon the erosion of the anticline (Fig. 84). Busk 
has described erosion thrusts in Persia which arc not due to the 

. * B. N., and J. Home, Guide to the Geological Model of the As^t 
Edinburgh, 1914, pp. 17-19. 

Ampferer, O., 'fidtrage zur AuBosung dcr Mechanik dcr Alpen’: JoArfi. 

73-81, l9i3-3o- 

“•» The Mechanics of Appalachian Suucture*: 13th Ann. Rept. 
t'-J. Geo/. Surv., Pi. a, 1893, pp. 222-3. 
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sliding of the competent beds over the incompetent, but to the 
squeezing out of mobile gypsum beds through the eroded crests 
and limbs of anticlines, or at other places where the cover of 



FIO. 84. — TWO STAGES IN THE DEVELOPMENT OP AN EROSION 

THRUST AT AN ERODED ANTICLINE 
(ATur Willis. 1893) 



PIQ. 85. — AN EROSION THRUST IN WHICH THE MOVING SHEET CONSISTS 
OP GYPSUM EXPRESSED AT THE SURFACE ALONG THE ERODED CREST 

OF AN ANTICLINE 
(AAcr Dusk, Eanh fUxuMtx) 


the gypsum beds is thin' (Fig. 85). Erosion of the advancing 
face of surface thrusts produces coarse detritus, which is 
deposited in front of the moving thrust sheets and is over- 
ridden by them, becoming incorporated along the fault plane. 

1 Busk, H. G., Earth Flexures-. Cambridge, 1929, pp. 86-95. 
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Goldschmidt has shown that such conditions existed during 
the growth of the Caledonian thrtist nappes in Xonvay.^ 
Oirved Fault Planes. — Fault planes may be cur\-ed, either 
initially or because of later deformation. Initial curvature of 
shearing planes may result from heterogeneiu' of the deformed 
material, or from variation in the orientation of the strain 
ellipsoid from place to place in homogeneous materials sub- 
jected to heterogeneous strain. The loading of one part of a 
thrust plane by piled up overthrust sheets, or the upward push 
of puckered incompetent beds beneath the fault, may cause 
curvature. In incompetent beds, the angle of shear may be 
different from that in more competent strata, resulting in the 
dcNiadon of fault planes as they cross from one bed to the next, 
as noted by Chamberlin and Miller in experimental studies.* 
Curvature of great low angle thrust planes® is the rule rather 
than the exception, and appears to be largely initial curvature. 
Low angle thrusts folded and faulted by later tectonic move- 
ments have, however, been recognized in the southern 
Appalachians and in the Rockies.^ 


4. mijWr structures associated with 

FAULTS 


Flexures and Folds. — WTicn two crustal blocks begin to move 
relatively to each other, faulting docs not commence immedi- 
ately. The rocks are first elastically deformed, then a certain 
^ount of plastic yielding occurs, and finally they are sheared 
“irotjgh (Fig. 86). During the stages preceding fauldng the 


hoifjcldikvartsen I og 11 ': Sorsk. Ged. Tiddsk., 
4 » ft- I, 1916, pp. 44-6, 49-53. Rc\-ic\ved in Crol. Afag., \’ol. 4, 1917, 

^^Chamba^, R, T,, and \S\ Z. Miller^ *Low«>Angle Fauiting*: Joum. 
26. ,9.8. pp, ,-44. 

«tcd for the .Alps, the Scottish Highlands, and the 

on pp. 55_6. 

* 5 *’= » *907- 

Fault : c * I'i.’ ^ Mansfield, ‘The Bannock CK-erthrust; a Major 

North-Eastern Utah’: joum. Ceoi., \'oL 

«®»* 9 ia,pp. 681-709. 
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beds are often flexed, and the fault ultimately cuts through the 
flexure.^ The beds on either side of the fault plane thus appear 
as if they have been dragged back by frictional resistance to the 
movement along the fault, and the flexing is usually referred to 
as the ‘effect of drag’. Only in exceptional circumstances, how- 
ever, will frictional drag be more important than initial flexing. 
Such flexing affords a ready means of determining the direc- 
tion of relative displacement of the blocks (see Fig. 86) and, 
where developed on a large scale, the flexures are mappable 



FlC. 86. — A SHEAR THRUST f-f CUTTING ACROSS VERTICAL SANDSTONES 

AND MUDSTONES 

On the left the beds are flexed but not faulted, ^d the fault develops 
to the right, where the amount of slip progressively increases. 

folds. These are best known in the passage of normal faults 
into monoclines, but the termination of thrust faults may also 
occur in a fold, generally an isolated flexure. 

Close folding associated with low angle thrusts, as in the 
Belgian coal basins, is regarded as an effect of local compression 
or confinement due to the curvature of fault planes or to some 

resistance to the advance of a thrust nappe.* ^ 

Frictional Effects.— In brittle rocks, noticeable flexing does 
not occur, and the fault zone is usually brecciated. Consi er 
able movement along a fault may result in extreme granulation 

‘ Nddai, A., Plastitify: New York, 1931, pp. 

* Kaisin, F., ‘Lc style tectonique et la genise m6canique de I Ardennc . 
Bull. Soc. Beige de Ghl., Vol. 45, 1935. PP- i 9 >-* 05 - 
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and shearing of the rocks, with the production of mylonite. If 
the finely ground rock is clayey it is called gouge; this is fre- 
quently polished and striated by the fault movements. 

The hanging and foot walls of a fault may be polished, 
striated, or grooved by rubbing together during the move- 
ments. The fine striations are termed slickensidesy and the larger 
groovings, mullion structure. Slickensides often show a stepped 
arrangement, the striae terminating abruptly at the edges of 
the steps, and then continuing again at a lower level. The steps 
on one wall face the direction towards which the other wall 



FIG. 87 . — 5UCKBN91DES ON AN OUTCROP OF SANDSTONE 

The steps In the slickensides show that the relative displacement of the 
han^ng wall, which has been removed, was downwards, in the direction 
of the arrow. Approximately natural size. 

moved (see Fig. 87), but if movements took place at different 
times, the stepped slickensides may indicate only the direction 
of the last displacement. • 

Shearing Effects. — Shear and tension joints, subsidiary faults, 
and fracture cleavage arc commonly developed in the rocks 
adjacent to major faults, and analogous structures have been 
reproduced in experiments with clay, carried out by Riedel 
and E. Cloos.* In these experiments, two boards are placed on 
a table, side by side and touching one another, and covered 
with a cake of clay. One board is then pushed relatively to the 
other, so that shearing stress is transmitted to the clay above 

* RIedd, Vy., ‘Zur Mechanik gcologischcr Brucherschelnungen’: Cbt.f. 
Min., (de., ABi. B, 1929, pp. 354-68. Cloos, E., ‘Feather Joints as Indicaton 
of the Direction of Movements on Faults, Thrusts, Joints, and Magmatic 
^ntacts’: Fw. Nal. Acad. Sci. America, Vol. 18, 193a, pp. 387-95 (with 
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the line of contact of the boards (see Fig. 21, p. 39, and Fig. 88). 
If the plasticity of the clay is reduced by spraying a film of 
water on to its upper surface, tension fractures are found to 
form in the clay above the contact of the two boards. When 
they first appear, these fractures make an angle of 45®-47® 





B 

Fio. 88 


(Adapted from Riedel, 1929) 

A. Development of shearing planes (S) and tension gasho (G) in day. 
The clav rests upon two boards, which have been displace m the oirec- 
tion of the arrows. The zone of deformation, within which the fractures are 

B. Tension fractures which originally formed parallel to P have been 

rotated by continuance of the displacement of the day [“ ^ 

the arrows, until they have become open gashes to P : 

angles a between the gashes and the line along which the displaccn^t of 
the blocks occurred points in the direction m which the blocks moved. 


with the direction along which the relative displacement 
occurred, but if the experiment is continued, they open out into 
gashes, and finally may make an angle of ^ much^ 6o 
the direction of relative displacement. This is brought about y 
the rotation of those portions of the clay lying benvecn the first 
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formed fractures (see Fig. 88, b). By reference to patterns 
impressed on the upper surface of the clay before the experi- 
ment, it can be seen that the tension fractures first form at right 
angles to the direction of greatest elongation in the deformed 
zone of clay. If the clay is not flooded with water, but allowed 
to remain plastic, then shearing planes form in the deformed 
zone. One dominant set generally appears, making an angle 
of 12®- 17® with the direction of relative displacement of the 
boards. The complementary set is, however, sometimes feebly 
developed. 

In these experiments it is found that the acute angles 
enclosed between the tension gashes or the shearing planes, and 
the direction of relative displacement of the blocks of clay, 
point in the direction in which the blocks moved. It should be 
noted that the clay does not shear through along a single 
surface parallel with the direction of relative displacement in 
the boards, but that tension gashes and shearing planes are 
developed en echelon in a zone lying between the blocks. A 
similar arrangement of faults en echelon is commonly found in 
the field, serving to indicate the direction of relative movement 
of the major crustal blocks on either side of a faulted zone. 

Shear and tension joints developed in the zone of deforma- 
tion between crustal blocks that have moved relatively to each 
other, e.g. along a fault, arc known as feather joints {Federklufle) . 
The name is given because of the resemblance of the joints and 
the fault, as seen in cross-section, to the barbs and shaft of a 
feather. More specifically we may refer to feather Joints as 
pinnate shear joitUs on the one hand, and pinnate tension joints (or 
gashes) on the other. 

Both field and experimental evidence indicate that feather 
joints may be used to determine the direction of relative dis- 
placement along faults. The rule is that the acute angle 
enclosed between tension joints and the fault plane points in 

the direction of movement of the block in which the ioints 
occur (see Fig. 88, b).i 


^ 'Feather Joints as Indicaton of the DirecUon of Movements 

on Faulu, Thi^ts, Joints, and Magmatic ContacU’: Proc. Nat. Acad. Set. 
/immca, VoL i8, 193a, pp. 387-95* 

10 
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The marginal thrusts along intrusive contacts (see pp. 1 48-50) 
ha\e been interpreted in a similar way, and analogous pinnate 
structures also occur in the marginal zones of glaciers. In each 
of these examples we have to deal with masses, of which at 
least one is plastic and between which there is some degree of 

cohesion, that have moved relatively to each other like fault 
blocks.^ 



FIG. 89 (a). — FRACTURE CLEAVAGE FORMED IN THE ROCKS 

ADJACENT TO A FAULT PLANE 
(After SheldoD, 1926) 



FIG. 89 (b). — PSEUDO-STRETCHED PEBBLES 

Shearing of a sandstone bed along directions Si and S2 forms lenses 
resembling stretched pebbles. True pebbles (unstretched) in adjacent 
conglomerate show augen structtire due to flow in the matrix. 

If pinnate shearing planes along which noticeable displace- 
ment has occurred are closely spaced, they constitute cleavage. 
There is, however, a lack of agreement between the observed 
relationship of cleavage to faulting, and the relationship that 
might have been expected by analogy with the above experi- 
ments. Sheldon* has described an example in which the acute 

1 Cioos, H., ‘Zur Mcchanik dcr Randzone von Glctschcm, Schollen und 
Plutonen’; Geol. Rundschau, 1929, Hft. i, p. 66, also Einfihnmg in d'u Geologic: 
Berlin, 1936, pp. 235-6. 

» Sheldon, P., ‘Note on the Angle of Fracture aeavage ; Joum. Gcol., 
Vol. 36, 1928, pp. 171-5. 
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angle between the cleavage and the fault plane points in the 
direction opposite to the movement of the block (Fig. 89), and 
the majority of examples determined in the field agrees with 
this relationship. 

In cases where the fault plane is parallel to the cleavage in 
the adjacent rocks/ it may be that the fault and the cleavage 
planes are all shearing surfaces induced by the same stress, or 
that the cleavage planes afforded a predetermined direction of 
ready shear, which was made use of by later faulting. A sheeting 
structure parallel to the fault plane and confined to the zone of 
deformation may, however, be a direct result of the faulting, 
especially in incompetent rocks. 

Shear Zones.- Especially in Pre-Cambrian rocks, fault move- 
ments may affect zones of considerable width, in which the 
rocks are crushed, sheared, or even rendered schistose. Such 
belts are termed shear or crush zones. Hard rocks involved in the 
movements arc brecciaied, often forming crush conglomerate 
by rounding of the fragments. Where the fracturing of hard 
ayers takes place on two sets of shear planes, the fragments are 
lenticular, and, if set in finer-grained rocks that flow around 
them, resemble stretched pebbles. Their origin as disrupted 

Iki demonstrated by the alignment of 

(Hg 89 B) lithology, representing original strata. 


Faulting and Igneous Activity.— Faulting is closely bound up 
wth Igneous activity in all its forms, and a variety of fault types, 
deified according to their relationships with igneous maies, 
ecogmzed. For example, circumferential and radial faults 

bysmaliths; 

Account of by ring dykes, and so on. Som^ 

account of these topics is given in Chapter VI. 

Em™ N™ V.; Mountain Region, and in 

New York t ,SA Am,. fle„. V.S. Grot. W, ,896, Pt. pp. 543-7U. 



Chapter VI 

STRUCTURES OF IGNEOUS ROCKS 

LARGELY as a result of the work of the late Hans Cloos and 
his collaborators, rapid progress has been made of recent years 
in the study of the megascopic structures of igneous rocks. 
The advances made have resulted chiefly from the application 
of the concept that intrusive bodies may be considered from 
two points of view. They may be considered as fluids which 
move under stress in chambers within the crust, and as active 
plungers of plastic material that penetrate the surrounding 
rocks, as a result of the continued application of the forces that 
originally caused the injection of the fluid magma. The 
second concept has proved particularly fruitful in the interpret- 
ation of the fracture systems developed in large intrusions. 
From a consideration of the arrangement of the structures 
formed during the fluid and plastic stages, much information 
can be obtained concerning the form of an intrusion and its 
mechanics of emplacement. The study of these phenomena is 
included under the term Granittektonik, for which intrusion 
tectonics may be suggested as a suitable though rather more 
comprehensive equivalent in English.^ Methods of research 

* The following arc works of a general nature dealing with intrusion tec- 
tonics: Cloos, H., Der Aftchanwnus tufculkanisctur VoTgSngr: Braunschweig, 
1921, Samnilung \’icwcg; ‘Das Baiholithcnproblcm’: Forischr, d. Ceol. u. 
Pal., Hft. I, 1923, p. 80; Einfuhrung in die Uktonische Dehandlung magmatischer 
Erscheinungen: Pt. i, Das Riesengebirge: Berlin, 1925 (with bibliography to 
1925); ‘Einigc Vcrsuche zur Granittektonik*; J^eues Jahib.f. Min., €dc., Beil. 
Bd. 64, Abt. .A, 1931, pp. 829-36. Grout, F. F., ‘Scale Models of Structures 
Related to Batholitlis’: Am^r. Journ. Sci., Vol. 243A, 1945, pp. 260-84. Balk, 
R., ‘Primary Structures of Granite Massives*: Bull. Ceol. Soc. Amer., Vol. 36, 
1925, pp. 679-96; ‘Structural BehaWour of Igneous Rocks’: Mem.Geol.Soc. 



STRUCTURES OF IGNEOUS ROCKS 


»37 


used in the study of intrusion tectonics have also been applied 
to extrusive rocks, and these ^vill be dealt with as occasion 
arises. 

I. STRUCTURES DUE TO FLOW 


When a magma advances from one point to another as a 
liquid stream, as in the extrusion of lavas and the injection of 
intrusive bodies along planes of weakness in the crust, the 
movement takes place mainly by stream-line flow;' that is, 
every particle passing a given point takes tlie same path or 
stream-line. Variation in the viscosity of the magma from point 
to point, due to temperature and composition differences,® and 
variation in the stress, or in the frictional resistance to flow 
developed at interfaces, all combine to cause differences in the 
rate of movement of particles following adjacent stream-lines. 
If inclusions which have dimensional axes of unequal length 
are present in the liquid, they will be rotated as a result of the 
differential stream-line flow until they lie with their longest 
axes parallel to the stream-lines, thus presenting a minimum 
of resistance to the fluid motion. The parallel orientation of 
needle-shaped inclusions constitutes what is termed linear fow 
structure in an igneous rock, and this orientation, by revealing 
to the eye the Jlow lines formerly present in the fluid magma, 
allow the direction of flow to be determined at each point of 
observation (see, however, p. 138). 

On the other hand, parallelism of the flat surfaces of tabular 
'''elusions such as phenocrysts or xenoliths, or of 
schlterm, constitutes platy Jlow structure. Schlieren are layers that 
contain the same minerals as the average of the whole rock 
but in different proportions.® Concentrations of dark 
minerals give melanocratic schlieren^ and of light-coloured 
minerals, Icucocratic schlxereny so that a rock in which these are 


in^^g l^h ' latter is the most complete account of the subject 

■ ^’'troduction to Fluid Motion: London, 1925, pp. 1 1-12. 

< 932 . pp 461 Problems in Igneous Rocks’: Jfourn. RJuolosr, Vol. 3, 

applicable if the exact com- 

Pontion of mixed crystals is considered. 
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well developed appears distinctly banded. The term Jiow layer 
has been suggested as the English equivalent of schliere^^ and it 
may be useful to restrict the use of the term foliation^ when 
dealing with igneous rocks, to platy flow structures revealed by 
flow layers and by tabular inclusions. Surfaces of foliation arc 
developed parallel to any contacts which exert friction on a 
moving magma. In a lava they are therefore formed parallel to 
the base of the flow, and in an intrusion, with rare exceptions, 



FIG. 90. — BLOCK OF PORPHYRITIC GRANITE SHOWTNO PLATY AND 

LINEAR PLOW STRUCTURES 

Mclanocraiic flow layers dip at a high angle towards the obscr%'er. Folia- 
don in the granite itself is shown by the parallel orientation of platy xenoliths 
and tabular phenocrysts. Flow lines, pitching at an angle P which is less than 
the dip of the foliation planes, are revealed by the parallel orientation of 
linear inclusions. S is the strike of the foliation, D its direction of inclination. 


parallel to the contacts. Both flow lines and foliation may be 
present in the same rock, or one or the other may be absent. 
If both are developed, the flow lines lie in the planes of folia- 
tion, but may make any angle with the dip of these planes 

(Fig. 90)- . . . j 

It has been pointed out by H. Cloos that the obsen'^ed 
parallel orientation of needle-shaped inclusions in an igneous 

' Balk. Rm ‘Structural Behaviour of Igneous Rocks* • Afetn. Ceol. Soc, Anifr.^ 
No. 5, 1937, p- 15- 
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rock docs not necessarily imply the former presence of stream- 
lines in the magma, parallel to the direction of alignment of 
the inclusions. As is well shown by the foam streaks on 
mountain torrents,^ objects lying on the surface of a broad 
stream tend to arrange themselves in arcs whose convex sides 
face the direction in which the 
stream is moving. Thus, in the 
centre of the stream the flow 
structures are at right angles to 
the general direction of flow, 
while near the banks they are 
parallel or nearly so, to this 
direction, owing to the frictional 
drag. If a line of particles that 
at first stretched directly across 
the stream from bank to bank 
is considered, it will be found 
Aat this line becomes curved as 
it moves downstream, and at 
the same time it is stretched 
along its length to accommodate 
itself to the arching (see Fig. 91 ). 

The effects of this stretching are 
of considerable importance in 
the interpretation of the frac- 
ture systems in intrusions (see 

pp. 144-50). The Jlow wrinkles 
on the upper surfaces of small 
lava tongues aflford a good ex- 
^Ple of the arching of flow 
structures, and they serve to 
mdicate the local direction of 
flow m ancient lavas. These 
^ cs have, moreover, a further practical value in structural 
and ’ owing to the fact that their crests are rounded 

between them V-shaped. This aids in the 
gnilion of the upper surfaces of lava flows in disturbed 

> Balk, R., op. cit., 1937, Plate I. 



FIG. 91. ARCHED FLOW 

STRUCTURES (F), WITH TEN- 
SION CASHES (o) AT RIGHT 
ANGLES TO THEM, IN A 
STREAM FLOWING IN THE 
DIRECTION OF THE ARROW 

The figure may be used to 
represent crevasses (G) and 
transverse lidges (F) on a 
valley glacier; ‘pressure ridges’ 
(F) on the surface of a lava 
flow; curved flow lines (F) in 
a dyke; Q.*j<>*nts (G) and a 
dome of flow lines (F) in a 
large intrusion; flow wrinkles 
(F) on a small tongue of basalt. 
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rocks, ^ but the test is not always reliable, for similar flow 
\NTinkles sometimes form on the lower surfaces of flows that 


rest on dry scoriae and ashes (Fig. B, PI. II). 

Especially in the study of Pre-Cambrian basic lava flows, 
much use has been made of pillow structure in determining 
facings. In North America the method has been applied chiefly 
to Keewatin volcanics, and in western Australia to lavas 
believed to be of similar age at Kalgoorlic, Coolgardie and 
elsewhere. The method depends on the assumption that the 
upper surfaces of individual ‘pillows’ are different from lower. 
In general, it is assumed that the former are rounded while the 
latter are cuspate, often with a ‘tail’ that fits benveen the 
rounded tops of lower pillows. Experience shows that although 
particular examples may not yield definite information, the 
method generally yields consistent results.® 

It is found that the foliation surfaces and flow lines in large 
intrusions commonly form a dome or arch. The term dome is 
used if the flow structures extend over the whole massif, but if 


they arc absent from the interior, and exist only around the 
borders, the arrangement is termed an arch. These structural 
patterns are probably caused by the upward movement of an 
igneous mass as a whole under the influence of pressure from 
below, the domes or arches being formed in an analogous 
manner to the foam streaks and flow wrinkles described above. 
In dealing with large intrusions, it appears to be preferable to 
consider the flow lines as indicating the direction of stretching 
(the long axis of a form ellipsoid), rather than simply as stream- 
lines (see Fig. 92). In the border zones of intrusions, foliation 
surfaces are often especially well developed, and the rock may 
be gncissic. Flow lines, where observed in such gneissic border 
zones, pitch at the steepest possible angle, that is at the angle 
of dip of the foliation. In the central parts of massifs flow 

* Tanton, T. L.. 'Determination of Agc-Relationships in Folded Strata’; 
Geol. Mag., \'ol. 67. 1930. PP- 73 -^- Sec also Butler, B. S.. and \V. S. Bur- 
bank, 'The Copper Deposits of Michigan : Prof. Paper No. 14-t, U.S. Geol. 

.S«rr., 1929, for a good account of the features of flow tops. 

* See Wilson, M. E., ‘Structural Features of the Keewatin volcanic rocks 
of Western Quebec’: Bull. Geol. Soc. Amer., Vol. 53, 1942. PP- 54-^9 
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structures usually fade out, but they may persist throughout 
small intrusions, and in these a dome or arch is generally 
absent.^ The absence of a structural dome in large intrusions 
signifies in most cases that erosion has removed the roof rock 
and those parts of the intrusion adjacent to it. 



PIC. 9a. — DIAGRAMMATIC CROSS-SECTION OF A BATHOLITH, SHOWING 
THE DOME OF FLOW STRUCTURES CAUSED BY THE PRESSURE P, WTTH 
STRETCHING IN THE DIRECTION OF THE ARROW'S 

Examples of the mapping and interpretation of flow 
structures ^vill be found in the works listed below® (sec also 
Figs. 93 and 94). 


F. F., and R. Balk, ‘Structural Study of the Snowbank Stock’: 
Btdl. Ceol. Soc. Artur., Vol. 45, 1934, pp. 621-36. 

VOLCANIC ROCKS — Cloos, H., and E. Cloos, ‘Die Qucllkuppe des Drachen- 
I p^^*“** •^dtxcAf.y. Vulkanologu, Vol. ii, 1927, pp. 33-40. Allen, 
J* •» Structures in the Dacitic Flows at Crater Lake, Oregon’: Journ. Geol., 
44» 1936, pp. 737-44- intrusions— Balk, R., ‘A Contribution to the 
ctuial Relations of the Granitic Intrusions of Bethel, Barre, and Wood- 
t^j Veraont’: Bwmial Rept., Vermont State Geologist, Vol. 15, 1926; ‘Die 
f ... ®^ruktux des Noritsmassivs von Pcclskill am Hudson’: Neues Jahb. 

at *9^7» PP* 249“303J ‘Structural Geolog>' 

Anorthosite’: Tschem. Min. Pet. Mitt., Bd. 41, 1931, pp. 
*^^'***°”* Foliation in the Harney Peak Granite, Black Hills. 
Su^ Joom. Cw/., Vol. 39, 1931, pp. 736-48. Cloos, E., ‘Struclural 

wrvey ot the Granodiorite South of Mariposa, California' : Amer. Joum. Set., 

PP* *^9“304; *Dcr Sicrra-Nevada-Pluton in Californien’: AVuw 
’ ®<f* 76, Abt. B, 1936, pp. 355-450. Mayo, E. B., 
Vol **^ons and their Wall Rocks in the Sierra Nevada’: Journ. Geol., 
and tt^* *0^^’ PP* ^73-89. Osman, C. W., ‘The Granites of the Scilly Isles 
iu mctf Reiauon to the Dartmoor Granites’: QiiaTt. Journ. Geol. Soc., Vol. 

«4. 1926, pp. 25^-92. ^ 




PIO. 93. DOME OP PLATY PLOW STRUCTURES, SHONVN BY THE 

PARALLEL ORIENTATION OF TABULAR FELSPAR PHENOCRYSTS IN 

THE DRACHENFELS TRACHYTE 
(AAer H. and E. Qooi. 1937) 

The section shows the reconstructed form of the trachytic body, 
is a swelling at the upper end of a volcanic neck, beneath a cover of tutls. 
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FIG. 94. — STRUCTURAL MAP OF THE SIERRA NEVADA BATHOLlTH> CALIFORNIA 

{After E. Cloot, 193C) 
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2. STRUCTURES DUE TO FRACTURE 

Joints and faults can arise in igneous rocks only when these 
have attained the solid state, or when a crystal mesh has formed, 
and they may then be caused by continued application of the 
same forces that led to the uprise of the magma in the crust, 
by deformation at a later date by entirely unrelated forces, or 
by stresses set up as a result of contraction during cooling. 
Jointing due to the latter cause is particularly well exhibited by 
volcanic rocks, especially basalts, in the form o{ columnar jointing. 
The rock is divided into columns, generally hexagonal in cross- 
section, but sometimes four, five, or seven-sided, the long axes 
of the columns being arranged at right angles to cooling 
surfaces.^ Similar columnar jointing is also shown in some 
dykes, the columns lying at right angles to the dyke walls. In 
plutonic intrusions, cooling Joints have not been recognized 
with certainty, although the characteristic vertical joints in 
granites have been ascribed to this cause by earlier workers.® 
H. Cloos and his co-workers believe that most of the joints and 
minor faults in granite massifs arise during the later cooling 
stages of the intrusions, owing to the persistence of stresses 
which caused the magma to rise in the crust. Cloos was led to 
this conclusion by the discovery that many of the structures of 
intrusions in Europe and North America appear to have a 
definite geometrical relationship to the form of the intrusive 
bodies, and later work has substantiated most of his ideas, 
although they have met with objection from some quarters.® 

' James, A. V. G., ‘Factors producing Columnar Structure in Lavas, and 
its occurrence near Melbourne, Victoria’: Joum. Geol., \’ol. 28, 1920, pp. 
^58-69 (with bibliography). Hunt, C. B., ‘A Suggested Explanation of the 
Cur\'aturc of Columnar Joints in Volcanic Necks’: Amer. Journ. 5 ri., Ser. 5, 
N'ol. 36, 1938, pp. 142-9. . 

* Geikie, J., Structural and Field Geologf. Edinburgh, I 9 ® 5 ' P- MQ- “ 
siblc that S'JoinU in granites (see p. >46) may be caused by contraction on 
cooling— sec Cloos, H., ‘Ober Ausbau und Anwendung dcr Graniitck- 
tonischen Methoden’: Abh. d. Preuss. Geol. Landesanst., N.F., Vol. 89, 1922, 

^ »^Sce Sander, B., ‘Zur Granittektonik, Mikrotcklonik, &c.’: Verh.GeoL 
Dundejanst. IVien, 1923; also Cloos’s reply in Cbl.f. Min-, 1926, Abt. B, 
pp. 481-92. 



>45 


STRUCTURES OF IGNEOUS ROCKS 

The border zones of intrusions are particularly suitable for 
the investigation of structures, because the rocks there tend to 
be more heterogeneous than in the central parts of the intru- 
sions, and they thus present clearer optical evidence of small 
displacements. Also, the border zones become plastic while 
the central parts are still fluid, and fractures which arise in 
them are therefore likely to become injected with magmatic 
differentiates, thus rendering the fractures visible even in 
homogeneous rocks. 



95. — BLOCK DIACRA.M SHOWING THE CHIEF TYPES OF JOINTS 

IN A BATHOLITH 
(After H. Cloos» 1913) 

Ctf cross joints; S, longitudinal joints; L, flatdying joints; Sir, planes of 
stretching; F, linear flow structures; A. aplite dykes* 

Joints. — Joints which lie perpendicular to the flow lines are 
tenned Q, — or cross joints^ (sec Fig. 95), These are tension 
joints, formed as a result of the upward push transmitted to the 
already solidified rocks adjacent to the contacts, by the liquid 
or highly plastic magma in the central parts of an intrusion. 
^ we have seen, the flow lines represent the direction of 
stretching’ in the marginal zones of an intrusion, and the 
opening of cross joints as tension gashes permits this stretching 

M Magma, Bd. T: Abh. d. Preuss. Ceol. Undesanit., 

’ >922* Balk, R,, ‘Structural Behaviour of Igneous Rocks’: 

Mem. Ceol. Soc. Anur., No. 5, 1937, pp. 27-34. 
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to continue during the early stages of solidification. If a dome 
or arch is developed in the flow lines, the cross joints arc 
arranged like the ribs of a fan, and converge towards the centre 
of the arch. ^Joints having the characters of Orjoir^ts niay be 
found in rocks in which flow lines are absent, and it is then 
recommended that they be termed tension joints.^ 

S-joints {Ldngenklujte, longitudinal joints) are steeply dipping 
Joints that strike parallel to the flow lines as projected on to 
a map, and they are best developed where the flow lines 
approach the horizontal, which is often the case near the roof 
of a large intrusion. That the Q,- and S’-Joints are formed during 
the transition of the rock mass from the fluid state to the solid, 
is often indicated by the presence along them of apiites, 
pegmatites, or other dyke rocks genetically related to the 
intrusion. The mode of formation of ^'-Joints is not clearly 
understood. 

Flat’lying joints {Lagerklufte) in large intrusions are of two 
types — those formed during the emplacement of the massif 
(primar\’ flat-lying Joints) and those of later origin. The 
primary Joints, according to Balk,® may or may not embrace 
the flow lines, where these are gently inclined, and if these 
joints are not filled with vein or dyke rocks their origin as 
primary structures cannot be readily demonstrated. Flat- 
lying Joints of subsequent origin may be caused either by the 
processes of weathering and erosion, or by horizontal compres- 
sion acting on the solid massif. A well-developed sheetings con- 
sisting of gently curved Joints that divide the rock up into flat 
lenses, lying approximately parallel to the topographic surface 
at each locality, is generally present in granites. If closely 
spaced, the sheeting Joints constitute mural jointing. It is some- 
times found that granite showing well-developed sheeting Joints 
is under compression, as is shown by the expansion, at times 
with explosive violence, of quarried blocks. In such cases the 

* Cloos, E., ‘Der Sieira-Ncvada-Pluton in Califomicn’: .Neuis Jahrb. f. 
Min.. &c., Beil. Bd. 76, Abt. B, 1936, p. 392. 

• Balk, R., ‘Structural Behaviour of Igneous Rocks’: Mrm. Geol. See. Amer., 

No. 5, 1937. P- 33 - 

’ Balk, R., op. ciL, pp. 39-42- 



STRUCTURES OF IGNEOUS ROCKS 


147 


sheetiug joints may be potential shearing planes formed by 
horizontal compression under the action ofdiastrophic forces.^ 
Where the sheeting reflects the surface topography of the 
granitic area, however, it is probably caused by a combination 
of such factors as the expansion of the felspars and ferro- 
magnesian minerals on weathering, removal of the load ol 
superincumbent rock by erosion, and seasonal temperature 
variations affecting the rock near the surface. Sheeting due to 
these causes becomes less pronounced in depth. 

Riftj Gram> and Hardway. — Strict correlation of the termino- 
logy of natural fracture planes with that used to describe the 
directions along which granites are split by quarrymen is not 
possible, because the terms used for the artificial planes of 
parting have no fixed and precise significance. Generally, the 


term rift is applied to the direction of most ready parting, and 
the term grain to another direction of ready parting, generally 
lying approximately at right angles to the rift. The hardway is 
the third direction, along which it is necessary to split the rock 
in order to obtain a block from the quarry, and it is more 
difficult than the other two.* There is wide divergence in the 
usage of these terms, however, and it is always necessary to 
determine the local usage in studying a quarry.* 

The rift in some granites has been shown to be determined 
by minute parallel cracks in the quartz crystals,^ and also, to a 
certain extent, by parallel strings of bubbles in the quartz. In 
the Pre-Cambrian granites of Quebec,* the rift (as defined 
above) is inclined in the same direction as the surface slopes of 
the granitic area, and is thought to have been caused by a 

‘ Dale, T. N., ‘The Granites of Vermont’: U.S. Geol. Surv., Bull. No. 404, 

* 909 » PP. i 7 -i 8 ; 'The Commercial Granites of New England’: U.S. Gtol. 
Surv., Bull. No. 738, 1923. 

• Dale, T. N., op. cU., 1923. Howe, J. A., 77 u Geobgy of Building Slorus-. 

London. 1910, pp. 54-8. * 

• For example, Balk defines the^rain as steep planes along which the ease 

^^4 “ good as, or better than, the riA. 

c, n * Commercial Granites of New England’: U.S. Geol. 

Bull. No. 738. 1923. Bell. J. F., ‘The Investigation of the Qcavage of 
Geol., Vol. 31. ,936, pp. 272-7. ® 

Tran » J* f*’ Grain, and Hardway in some Pre-Cambrian 

Gramtes, Quebec’: Econ. Geol., Vol. 30, 1935, PP- 540-51. 
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combination of the effects of temperature changes near the 
surface, and of the removal of superincumbent granite by 
erosion. In this instance it therefore has no connexion with the 
primar>’ structures of the intrusion, and rapidly becomes ill- 
defined in depth. According to H. Cloos,^ the rift in granites 
usually coincides with the direction of the iS-joints. 

Typically the grain is parallel to the planes of foliation. 
Grain planes therefore show the flow structure in the rock, 
which, owing to its resemblance to the grain in wood, gives 
them their name. The hardway may be a random direction 
determined by the attitude of the rift and grain, and necessary 
to the quarrymien in order to obtain rectangular blocks, or 
it may correspond in some cases \vith the direction of the 
Q:joints, and is then to be regarded as a priman- structure. It 
is found that these Qrjoints are more constant in direction than 
the grain in the Quebec granites, and this agrees with Cloos’s 
idea of the origin of Q-joints as tension joints formed by 
warping of the mass as a whole in the solid state. 

Faults. — Both thrust and normal faults occur in the border 
zones of large intrusions. The thrusts, which have been termed 
marginal thruslSy traverse both the intrusion and its wall rocks, 
and are arranged en edition around the margins of the igneous 
body. The amount of the slip along each thrust is usually small, 
of the order of inches rather than of feet, but as they occur in 
great numbers their total effect is considerable.* Movements 
along marginal thrusts are directed outwards from the intrusive 
centre, and the thrusts are regarded by E. Cloos as pinnate 
shearing planes developed as a result of the rise of the plastic 
intrusion relatively to the adjacent wall rocks. They may t us 
be interpreted, by analog)’, in the same way as the shear jmnts 
along fault lines and the shearing planes in clay produced in 


1 Qoos, H., ‘Uber Ausbau und Anwendung dcr Granittektomschen 
Methoden’: Abh. d. Prems. Geol. Landesanst., N.F., Vol. 89, * 922 . PP- a- 4 * 

* Qoos, E., ‘Feather Joints as Indicators of the DirecUon of MovototO 
on Faults. Thrusts, and Magmatic ConUcU’: Proc. Acad. 
to/., Vol. 18, .932, PP. 387-95: ‘Dcr Sierra-NWa-Pluton m ’ 

Jchb.f. Min., ec., BeU. Bd. 76. Abt. B, 1936. PP- 355-450. Balk» R- 
•Structural BchaWour of Igneous Rocks*: Mem. Gfol. See. Amtr., No. 5, 1937 » 
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the experiments carried out by Riedel and Cloos (see pp. 39, 
132). Minor sets of pinnate shear joints may arise as a result of 


A 



FIG. 96,— -MARGINAL THRUSTS (p, p') TOWARDS THE ^^’ESTERN 
CONTACT OP PART OP THE SIERRA NEVADA BATHOLITH 

(After £. docs, 1932) 

A, apliic; J, feather joints along the thrusts; X, swarm of xcnoliths. 

the movement along the thrusts themselves (see Fig. 96). At 
steep contacts, marginal thrusts dip at low angles, but nearer 
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the roof of an intrusion, where the contact is flat-lying, the 
thrusts dip at higher angles. If the physical condition of the 
rocks in contact zones is more favourable to the formation of 
tension gashes than of shearing planes — that is, if they are 
relatively brittle — marginal fissures, often filled with dyke 
rocks, develop. These may be distinguished from cross joints 
by the fact that the latter lie at right angles to the flow lines, 
whereas the fissures cut obliquely across them.* 

Flat-lying normal faults {Streckjidche, planes of sUetching) are 
developed as complementary shearing planes which may be 
regarded as formed by the stretching of the border zones of 
large intrusions, parallel to the flow lines. The sum of the 
movements along them constitutes an extension of the mass in 
an approximately horizontal direction, and they are usually 
restricted to the upper parts of intrusions. The corresponding 
vertical extension of the mass is effected by the marginal 
fissures and thrusts found along steep contacts. 

The geometrical relationships of the structures of large 
intrusions are shown diagrammatically in Figs. 95 and 97. 


3. TECTONIC RELATIONSHIPS OF LARGE 

INTRUSIVE BODIES 


For structural purposes it is necessary to distinguish between 
three major realms of intrusive igneous activity* (see Fig. 98). 

(i) In the lowest levek of the crust— the zone of abyssal 
intrusions, or ultraplutonic zone — the country rock is highly 
plastic or even fluid, the mass of superincumbent rocks is vcr>' 
great, and small stress differences are sufficient to cause con- 
siderable movements. Ultraplutonic intrusions are charac- 
terized by the dominance of structures due to flow, both in the 


* See Fig. 88. Imagining the zone between the blocks of day as the in- 
trusive contact, with which the flow lin« wUI be parallel, it will be seen 

that the tension gashes will cut the flow lines. „ o u 

» See Kober L., Der Bau dn Erde: Berlin, 1928, pp. 38-80. Cloos, H., 
Einfuhrmg in du Geologic: Berlin, 1936. PP- 75-82- Bucher, \V. H.. The Defa- 
mation of the Earth's Crust: Princeton, 1933, pp- 267-302. Ev^ J. VV.. 
‘Regions of Tension’: Quart. Joum. Geol. Soc., Vol. 81, 1925, pp. boex-oexu, 
‘Regions of Compression’: ibid., Vol. 82, 1926, pp. Ix-cii. 
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intrusions and their wall rocks, and fracture phenomena are 
absent. Injection of magma occurs along zones of weakness, 
and assimilation, granitization, or actual melting of the country 
rocks is widespread. These features arc shown by many of the 
Pre-Cambrian rocks exposed in different parts of the w’orld.^ 



no. 98. — DEPTH RELATIONS OP PLUTONIC INTRUSIONS 

(Based 00 H. Cloos, 1931) 

1. Abyssal zone, with granitization of the folded sediments, and palin- 
genesis and lit-par-lit injection of the basement on which the sedi- 
ments rest. 

3. Intermediate depth zone, with phenomena of intrusion tectonics. 

3. Upper zone, wi^ dominant fracture phenomena, showing magmatic 
stoping, roof foundering, and early lavas into which the intrusion has 
subsequently risen. 

(2) Large masses of granite, granodiorite, and related rocks 
are injected into compressed geosynclinal deposits. These in- 
trusions have a maximum development in an intermediate 
depth zone (the zone of mountain roots), in which pressure and 
temperature are both high, and most rock types are plastic. It 
IS in connexion with intrusions into fold mountain chains that 

* See especially papers by Sederholm, J. J., in the Bull. Comm. CM. Fin- 
No. 58, 1923: No. 98, 193a: No. 107, 1934. Abo van Hbc, C. R., 
Principles of North American Pre-Cambrian Geology*: t 6 A Ann. Rept. U.S, 
Geoi. Sun., Pt. 1, 1896. 
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structures included under ‘intrusion tectonics’ are best dev'el- 
oped. The effects of flow together with those of fracture are 
exhibited by both the intrusion and its wall rocks. 

(3) The tectonic features of intrusions in the superficial 
crustal zones are, especially in the resistant masses, quite dis- 
tinct from those of the zone of mountain roots and the ultra- 
plutonic zone, owing to the reduction of the plasticity of the 
country rock consequent upon the lower confining pressure 
and temperature obtaining there. 

Fracture predominates over plastic or viscous flow in the 
walls of the intrusions, and the border zone structures charac- 
terizing the intrusion tectonics of the zone of mountain roots 
are absent. The roof rocks are dislocated by the rising magma, 
and the contacts are blocky. Flow structures in the intrusion 
parallel uith its walls are only locally developed, because of 
the subordination of the effects of diastrophic forces during the 
emplacement of the intrusions, and the irregular shape of 
the magma chambers.* Roof foundering, accompanied by the 
extrusion of large volumes of magma along fracture planes, 
may occur, as in the Erongo district. South Africa. 

Structures such as folds and faults may be formed as a direct 
result of igneous activ’ity, as in the intrusion of laccoliths and 
plugs, or in the formation of ring dykes and cone sheets. These 
are all of local significance as regards their details, although 
the distribution of volcanic and intrusive rocks is, of course, 
closely bound up with diastrophism. Dyke swarms of regional 
extent may afTord more precise tectonic data, as for example 
in the marginal flexure of East Greenland and of the Lebombo 
region of South Africa.* 

* Cloos, H., ‘Dcr Erongo': Beilr. z. Cfol. Erf. d. Deutsch. SchuizgebitU. Hft. 
17, Berlin, 1919: also ‘Der Brandbcrg’: N. Jahrb.f. Min.., €dc., Bcil. Bd. 66, 
Abt. B, 1931, pp. 1-82; ‘Graniie des Tafcllandes und ihre Raumbildung’: 
ibid., Beil. Bd. 42, 1918, pp. 420-55; ‘Das Baiholitbenproblcm’: Fortsch. d. 
Geol. u. Pal., Hft. i, 1923; Einjultrung in die Ceologie, Berlin, 1936, pp. 81, 82. 
Grout, F. F.. and R. Balk, ‘Internal Structures in the Boulder Batholith’: 
Bull. Geol. Soc. Arner., Vol. 45, 1934, pp. 877-96. 

* Wager, L. R., and W. A. Deer. ‘A Dyke Swarm and Crustal Flc-xure in 
East Greenland’: Geol. Mag., \'ol- 75, I93®* PP- 39”4^- Cloos, H., Hebung- 
Spallung-\'ulkanismus’: Geol. Rundsch., V'ol. 30, 1939, pp. 405“527* 
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The structures of central volcanic complexes, with which 
ring dykes and cone sheets are associated in the classic 
Scottish examples, are of structural interest especially because 
of the evidence they yield as to the behaviour of the crust under 
particular stresses. The numerous, thin cone sheets form in 
families converging downwards, the apices of which lie in 
circumscribed regions in depth. Each family is believed to arise 
from the sumnut of a cupola, from which upward pressure 



no. 99. — CONB SHEETS, RING DYKE, AND CAULDRON SUBSIDENCE 


(After Richey) 

A. Faculy of cone shceu arising from the summit of a magma diamber* 

B. Cauldron subsidencci with marginal ring dyke and lavas filling the 
cauldron. 


generated the conical fracture surfaces, now occupied by dykes 
99)- Ring dykes, on the other hand, dip vertically or at 
high angles away from the centre of the complex and represent 
collapse features formed on relief of pressure from below. ^ Ring 
and arcuate dykes unaccompanied by cone sheets have been 
found in many parts of the world, and their recognition, especi- 
ally of large rings of 10-15 niiles across, may involve previously 
unsuspected correlations of geological data. 

' Uchey, J. E., H. H. Thomas el al., ‘The Geology of Ardnamurchan, 
Mull, and CoU’; Man. Geol. Sure. Grtat Britain, 1930; also ‘Scot- 

, e Volcanic Districts’: British Regional Geology Scries, 

Geol. Survey. 1935. 


Chapter VII 

PETROFABRIC ANALYSIS 


PLASTIC flow in crystalline materials takes place, as we have 
noted (p. 33), by displacements of parts of the space lattices of 
the component grains by twinning and gliding, combined with 
rotation of the grains relatively to each other. The rearrange- 
ments at each part of the deformed body arc determined by the 
stress at that part, and constitute the internal mechanism 
whereby the body attains the form imposed upon it by the 
externally applied forces. In addition, the arrangement of new 
crystals grown during reconstitution under metamorphism is 
affected by the stress-strain pattern so that by mechanical 
deformation and the growth of crystals a certain orderliness is 
induced in the fabric of the rock. Fabric includes crystallo- 
graphic elements such as optic axes, twin planes and crystal 
faces, as well as macroscopic structures such as foliation or 
lineation, and, indeed, refers to any space-data obtainable from 
a rock. The methods of fabric analysis may therefore be applied 
to igneous and sedimentary, as well as to metamorphic rocks. ^ 

Many significant details may be observed in rocks, apart 
from full petrofabric analysis of the crystalline components, 
and their examination is often practicable in the field. These 
include deformed fossils, pebbles and oolite grains, and small- 
scale structures such as lineation, puckered and sheared 

* The following arc standard works: Sander, B., Einjuhnmg in die Gejuge- 
kunde der Ceologischen Korper, Bd. I, I94S> IDS®* Vienna. Schmidt, W., 

Tektonik und Ver/ormungslihre: Berlin, 193** Knopf, E. B., and E. Ingerson, 
‘Structural Petrology': Mem. Geol. Soc. Amer,, No. 6, 193®* Fairbaini, H. W., 
Slrtulural Petrology of Deformed Rocks’. Cambridge, Mass., 1949* 

Dcmay, A., ‘Microtecionique et Tectonique Profonde’: Mem. Carte Giol. 

France, 1942. 


*54 


w 


PETROF.\BRIC ANALYSIS 155 

laminae, augcn, and so on,' examples of which are shown in 
Fig. 107 . Use has also been made of ‘pressure shadou-s' — 
augen-like groAv'ths of secondars* quartz and other rmnerals, 
that often occur around hard crv'stals such as p\Tites or 
magnetite in slates and schists, and whose long axes are 
taken to correspond with the direction of elongation in the 
rock.* 

Lineaiion, which has been defined as ‘any kind of linear 
structure within or on a rock’, has been uddely used in tectonic 
anal>'sis, but since the term includes structures of widely 
diverse origin its use must be guided by previous interpreta- 
tion of its structural significance in the area under investigation. 
The importance of Uneation lies in the evidence it affords of 
the direction of movement. In one class, for example in slicken- 
sides, lineation is parallel \>'ith the movement in a given plane; 
in another, as for instance with the lines representing the 
intersection of cleavage and bedding, it is normal to the direc- 
tion of movement and parallel \s'ith the tectonic axes of the 
folds. The subject has been fully discussed by E. Cloos.* 

Tectonites and Non-Tectonites. — Intragranular lattice dis- 
placement, grain rotation, and ionic migration by diffusion or 
solution, which take place without destroying the cohesion 
between the grains of a deformed body, are termed compomnial 
moommls {TfilbeweguTigtn)y and Uctonites arc defined as rocks 
which have undergone componental movements. The fabric 
of tectonites is referred to as deformalional fabric. All other rocks 

' An excellent summary is given by E. Cloos, 'Oolite Deformation in the 
South Mountain Fold, Maryland’: Bull. Gtol. Sbc. Amer.y Vol. 58, 1947, pp. 
843-918. 

• This interpretation is implicit in the German and French equh^alcnts — 
Stretkwtgshdfe, halos d'etirerrunt, and is adhered to herein although Mugge has 
argued that they are formed by shearing movements. Such movements play 
a part, although subordinate, in some examples (Fig. 107). See Mugge, O., 
Bewegungen von Porphyroblasten in Phylliten und ihre Messung’: 
Jahb.f. Min., Vol. 61, Beil. Bd. A, 1930, pp. 469-510. Bain, G. \V., 
*^Vall-Rock Mineralization along Ontario Gold Deposits': Eton. GeoL, \’ol. 

*933> pp- 705“43* Pahst, A., * “Pressure-Shadow” and the Measure- 
ment of the Onentation of h^erals in Rocks’; Amer. A/in., Vol. 16, 1931, 
PP- 55-70- 

* Qoos, E., ‘lineation’: Ctol. Soc. Amer., Mem. 18. 1946. 
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are classed as non-teclonites, but some of these, as for example 
sediments containing mica flakes lying parallel to the stratifica- 
tion planes, may possess an orientated micro-fabric simulating 
that of tectonites. Orientated fabrics resulting from the settling 
of grains through fluid media are termed depositional {Anlager- 
^^gsgefuge). Growth fabric develops by cr>'stallization of minerals 
in place, as in the parallel growth of quartz in many veins, but 
in tectonites there is a complex interrelationship between 
growth and deformational fabrics, which is not fully understood. 

Trener,^ who was the first to carry out the petrofabric 
analysis of a tectonite, found that a majority of the quartz 
crystals in a dynamically metamorphosed quartzite from 
Tonale were arranged with their optic axes perpendicular to 
the schistosity, exhibiting a preferred orientation. Fabric analyses 
may no\v be accurately made with the universal microscope 
stage, but for fine-grained rocks X-ray methods must be used, 
and for the most part investigations have been restricted to 
medium-grained rocks. 

Development of Preferred Orientations. — In homogeneous 
non-crystalline or extremely fine-grained materials, plastic flow 
occurs by means of internal shearing movements along certain 
planes whose attitude is determined by the stress and the physical 
properties of the material (pp. 33 - 8 ). When plastic flow com- 
mences, those planes along which the slip involves the least 
work will become shearing planes. In cry'stals, the regular 
atomic packing causes the physical characters to be vectorial, and 
shearing movements occur preferentially along certain planes 
called glide planes. Slip along these planes is of such a nature 
that the displaced portions of the crystals, after gliding, fit 
together and re-establish the lattice structure across the glide 
planes, cohesion thus being maintained. Not only does gliding 
take place along certain preferred crystallographic planes, how- 
ever, but it is also restricted, on the whole, to a particular 
direction, called the glide direction^ in those planes. The net or 
statistical result of the existence of preferred glide directions in 
the individual mineral grains in a rock is the development in 

* Trcncr, G. B., ‘Geologische Aufnahme an nordlichcn Abhangr der 
Presancllagruppc’: Jahrb. d. Geol. Rfichsanst., igo6, pp. 453~70- 
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fabric as a whole of a glide line. Displacements of the above type 
in crystal lattices are referred to as translation gliding. Twinning, 
too, is restricted to lattice rotations about certain axes, which 
results in a gliding movement {twin gliding) parallel to the twin 
plane. Thus, during plastic flow of crystalline materials, the 
shearing planes do not cut indiscriminately across the grains, 
but each cr\-stal grain yields along predetermined directions of 
ready displacement that are characteristic for each crystalline 
substanceA 

If a crystal grain is so orientated that the position of its 
gliding or twinning planes is sufficiently close to the direction 
of the planes of potential shear which are generated by the 
stress, it will yield along those gliding or twinning planes. If 
not, it will rotate as a whole until such intragranular move- 
ments can occur, or until it is prevented by the surrounding 
grains from rotating any further. Again, glide planes developed 
in a 45* position to the principal stress axes rotate during 
deformation and assume an attitude more nearly parallel with 
the axis of elongation. Deformed crystalline substances there- 
fore exhibit preferred orientation of cry'stallographic fabric ele- 
ments, determined by the stress and the cry'stallographic 
properties (e.g. direction of twin and glide planes and ease of 
lattice displacement in these) of the grains. 

Preferred orientation of lattice elements is termed lattice 
orientation^ and that which is revealed by the external form of 
the grains, dimensional orientation. The latter results in part from 
the tendency of elongated or platy crystals to rotate into 
parallelism with the shearing planes in solids and the flow lines 
in liquids, and in part from other causes (see, for example, 
pp. 160-1). Grains showing no dimensional orientation, as in 
granular aggregates of quartz in a schist, may nevertheless 
exhibit strong preferred lattice orientation. On the other hand, 
parallel quartz fibres show marked dimensional orientation, 
although their crystallographic directions may have no pre- 
ferred orientation. 

* A summary of theories concerning the mechanism of gliding and twin- 
nmg u given by Burgers, in Houwink, R., Elasiieiiy, Plasticity and Structure of 
Matter: Cambridge, 1937, Chap. 5. 
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Analysis of Motion in Tectonites. — In order to enable cor- 
relation to be made between microscopical fabric orientation 
and macroscopic structures, all directional structures in the 
rock are described with reference to three rectangular co- 
ordinates labelled the a, by and c axes, as in crystallography: a is 
the direction of motion in the rock, and may be either a direc- 
tion of shearing movement or of compression in folding; b is 




A. Orientation of the fabric reference axes a, b, and c, in folding. Bedding 
plane slip causes grain rotation about the tectonic axis (b). 

B. Orientation of fabric reference axes for the stippled shearing plane, 
which is of later origin than the displaced shaded plane. 

normal to the direction of motion, lying in the plane of slip 
(bedding plane slip or slip along a shearing plane). The b 
co-ordinate is a direction that is often visible macroscopically 
in the rock, as a lineation on planes of foliation, minute pucker- 
ing, or as the intersection of two complementary shearing sur- 
faces developed by the same deformation. In buckle folds it 
corresponds with the crests and troughs, and it may be termed 
the tectonic axis. The c co-ordinate is the normal to the ab plane. 
For an example illustrating the choice of axes, see pages 162-3, 



PETROFABRIC ANALYSIS 


•59 


and Fig. loo. As in crystallography, the intercepts of any plane 
on the a, b, and c axes are denoted by /i, and / respectively. 
An hoi plane, for example, is parallel to the b axis and cuts the 
other two. If the three axes of a triaxial strain ellipsoid are 
denoted as A, B, and C, of w'hich A is the long, C the short, 
and B the mean axis, then the b co-ordinate of the fabric is 
parallel to the B axis of the strain ellipsoid. If the rock has been 
deformed by forces acting from different directions at different 
periods, each deformation is referred to a different set of co- 
ordinates called a', b\ c\ and so on. 

In practice, either one or two linear elements (lincations) 
are usually visible in a rock, and in some instances as with 
slickensides, it is clear that the main lineation is in a. 

In many folded rocks it is assumed that the direction of 
transport a is normal to the axial planes, and that b is the 
tectonic axis of the folds. 

This would not apply in shear folding, however, and, in fact, 
the physical significance of tcctonite planes and axes is not 
always clear.' 


S-surfaccs. — In fabric analysis, the recognition of planar 
elements is fundamental, and Sander has called all such planes 
5-surfaces. These may be visible as individually distinct planes 
such as bedding planes, cleavage planes, faults, or fractures ; 
they may be visible but not individualized, as in a schist, when 


the planar schistosity permeates the whole rock; or they may 
be without visual expression, as in the ‘statistical’ planes 
afforded by the parallel orientation of crystallographic elements 
revealed by the preparation of petrofabric diagrams (see 
pp. 162-3). Tectonically developed 5-surfaces are controlled by 
the stress-strain pattern to which the rock has been subjected, 
but the relationship is not simple and its interpretation is 
generally controversial, as is sho^vn by the long-continued 
disputation on the relationship of axial-plane cleavage 
or schistosity to the strain axes. According to Becker and 


For critical discussion of such problems see Anderson, E. M. 'Onlinea- 
tion and Petrofabric Structure etc.’: Qjuirt. Joum. Geol. Soc., Vol. 104, 1948, 
W* Knopf, E. B., ‘The Record of Deformation Movements shown 

hy Petrofabric Analyses*: Artur. Joum. 5 W., Vol. 241, 1943, pp. 336-42. 
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others^ flow cleavage represents shear planes formed obliquely 
to the direction of compression, whereas van Hise, Leith, 
Heim“ and others maintain that it forms in the AB plane 
of the strain ellipsoid, normal to the compression. 

It is probable that there is no general solution of this 
problem, since several factors are involved and these will vary 
in different environments. Firstly, lamellar particles embedded 
in compressible material are rotated during deformation, and 
with strong compression or elongation they come to lie statistic- 
ally parallel with the AB plane of the deformation. This 
external rotation of the grains results in dimensional orientation; 
similar rotation of grains growing during deformation results 
in both dimensional and lattice orientation, but the orientation 
of such grains may be related to shearing planes rather than to 
the plane of flattening. 

Dimensional grain orientation may develop in the AB plane 
even in rocks of relatively low ductility, as shown by Sander.® 
The equal development of complementary sets of shearing 
planes operating in pebbles in conglomerates or in mineral 
grains results in elongation of these fabric elements in a plane 
normal to the pressure (see Fig. loi). The visible effect is a 
schistosity parallel to this plane, which may be termed the 
plane of Jlattewing {Pldttungs-s)^ since the dimensional orientation 
of the grains in the plane of flattening arises by means of lattice 
deformation, it is termed pseudo-dimensional orientation. Fair- 
bairn® has emphasized that elongation of grains parallel to the 
A axis of the strain ellipsoid will take place only if the grains do 
not rotate through any appreciable angle during the deforma- 

* Bcckcr, G. F., ‘Schistosity and Slaty Cleavage’: Journ. Gfol., Vol. 4, 
1896, pp. 429-48; ‘Current Theories of Slaty Cleavage’: Amer. Journ. Sci., 

\’ol. 24, 1907. pp. 1-17. , 

* van Hise, C. R., ‘Principles of North American Pre-Cambrian Geology : 
t 6 lh Ann. Rtpl. U.S. Geol. Sun\, Pt. i, 1896, p. 639. Leith. C. K., 
Cleavage’: U.S. Geol. Surv., Bull. No. 239, 1905. Heim, A., Geohgie der 
SchwciZs Bd- II, 19^5* 

5 Gejugekundt: pp. 219-20. 

< The term plaiting surface has been used by Fairbairn and some later 
writers as an equivalent for Pldttungs-s, but is now regarded a.s unsatisfactory. 

» Fairbairn. H. \V.. ‘Elongation in Deformed Rocks’: Jeum. Geol, Vol. 44. 
1936, pp. 670-80. 
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tion. If rotation occurs, a particular dimensional axis In a 
pebble or mineral grain will at one moment be parallel to A, 
and therefore elongated, while later it will rotate away from A, 
and thus be less elongated or even 
shortened. The B axis of a triaxial 
strain ellipsoid is, moreover, a 
direction of subsidiary elongation, 
and if the effects of elongation 
parallel to A are inhibited by grain 
rotation, B becomes the dominant 
direction of elongation of fabric 
elements, and the rock develops a 
linear fabric parallel to this axis. 

This effect, however, will usually be 
noticeable only when considerable 
grain rotation occurs (see pp. 
a6-8). Elongation of fabric ele- 
ments along the B axis of the strain 
ellipsoid may cause the formation 
of tension gashes in the AC plane, 
these becoming filled with newly 
formed minerals, and imparting a 
well-defined schistosity to the rock. 

Again, orientated fabric may re- 
sult from the crystallization of new 
minerals along pre-existing 6’-sur- 
faces, including bedding (as in 
bedding schistosity), shear planes, 
tension cracks and so on. This is 
mimetic crystallization^ and if it takes 
place after deformation is complete 
It yields dimensional orientation only; but if such growth is 
affected ever by small residual stresses, lattice orientation may 
well result. Finally, experiments show that in compressed 
heated glass, lamellar crystals grow with their flat faces nor- 
mal to the pressure.^ 

Wnght, F. E., ‘Schistosity by Ci^'slallizalion— Qualitative Proof’: 

• J 9 um. Set., Vol, 22, 1906, pp. 224-30. 



FIG. 101. A PARTICLE SUB- 

JECTED TO PRESSURE P DE- 
VELOPS SHEARING PLANES 
SCH., WHICH ALLOW IT 
TO ELONGATE ALONG THE 
AXIS A 

(After Fairbairn aixl Sander) 

A sketch orientation dia- 
gram in the AC plane of the 
strain ellipsoid (the plane of 
the paper) show’s the shear- 
ing planes a, a\ with maxima 
related to them. 
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The difficulty of distinguishing the effects of rotational and 
irrotational strains must also be considered (see pp. 26-7), and 
finally, the physical state of the rock itself. Although generally 
considered as solids, slates and schists show evidence of the 
presence of a fluid phase, some of which is produced in slates 
by the release of water from clay minerals when they re- 
crystallize to mica. Several authors have commented on the 
apparent necessity of. considering the possible existence of 
planes comparable with fluid flow planes in such rocks. 

Method of Procedure in Petrofabric Analyses. — In order that 
the orientation of macroscopic and microscopic fabric elements 
may be related to the tectonics of the deformed rocks as a 
whole, it is necessary to collect hand specimens with care, 
choosing examples in which the various structures are well 
shown, and orientating them in the field by marking the 
specimens so that they may be re-orientated in the laboratory 
parallel to their original position in space. 

In the laboratory study, the most prominent plane structure 
of tectonic origin, such as a well-developed foliation or 
cleavage, is provisionally taken as the ab plane. The intersec- 
tion of complementary slip surfaces being the B strain axis, 
which corresponds with the b space reference axis, this direc- 
tion is then determined by noting lineation on the ab plane. 
Such lineation is generally caused by the intersection of a set 
of slip planes or a plane of flattening with the ab plane. 
However, since lineation may in certain circumstances form 
in a, and since girdles may ako form about the a axis, the 
determination of the true B-axis is often a matter of some 
difficulty, requiring the correlation of regional observations 
with laboratory data. 

The direction in which thin sections will be cut is determined 
by the choice of the reference axis, three sections generally 
being cut, normal to the a, b, and c axes respectively. If more 
than one set of axes is recognized, sections are also cut normal 
to them. Even in rocks such as some fine-grained marbles, in 
which the macroscopic tectonic structures are not present, 
fabric orientations may be found, and the axes are then deter- 
mined by first cutting random sections in order to discover the 
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orientation. Before proceeding to the microscopic examination, 
the thin sections are examined with a binocular microscope, 
and all structures visible are represented in sketches. Under the 
binoculars, the direction of slip along the various shearing 
planes, and also the relative ages of the sets of slip planes, can 
sometimes be determined by noting the orientation of platy 
mineral Bakes. Finally, the orientation diagrams are prepared. 

The stadstical investigation of the orientation of crystal- 
lographic fabric elements is carried out with the universal stage 
attached to a petrological microscope. The poles of optic axes. 



A B 

FIO. 102. — SPHERICAL PROJECTIONS SHOWING THE POLES OF FABRIC 
aiaMENTS IN A B-TECTONTTE (a) AND AN S-TECTONITE (b) 

P^jcclions are contoured to illustrate the meaning of the contours 
(m the ordinary orientation digrams, which arc equal area projections of 
the lower halves of the spherical projections. 

twinning planes, and crystal faces arc located on a spherical 
projection (see Fig. 102) and the results recorded on the 
Shmidt net, which is an equal-area azimuthal projection of 
the^ lower hemisphere of the spherical projection. Areas in 
which the density of spacing of the poles falls within chosen 
e.g, I, 2, 3, 4 per cent, &c. of all grains examined falling 
Within 1 per cent of the area of the projection, are then detcr- 
tmned, and contours drawn as boundaries to them. The area 
hi crowding is indicated clearly, generally by solid 

ack, the reference planes ar, ab, and be arc marked on 
the projection (see Fig. 105). 


164 OUTLINES OF STRUCTURAL GEOLOGY 

Types of Tectonites. — Two contrasted types of tectonites are 
revealed by orientation diagrams and macroscopic study of 
rocks. In the first there are one or more well-defined maxima, 
indicating that the development of the fabric orientation was 
controlled by r-surfaces, but there is no linear element parallel 
to the 6-axis. Such rocks are therefore termed S-tectonites (see 
Figs. 102 A, 103 (i) ). In the second type, the poles of the 
cr\-stallographic elements fall within a girdle roundthe spherical 
projection, with or without maxima, indicating that the 
dominant control of fabric orientation was effecte d by rotation 
about an axis normal to the girdle, or by shearing planes inter- 
secting along that axis. The most important axis of rotation 
during deformation being the 6-axis, such rocks are termed 
B-Uctonites^ and the 6-axis in them is labelled B. If rotation 
about B has been dominant, the rocks are termed R-UctonittSy 
and every gradation exists between S-, B-, and R-tectonites 
(see Figs. 102, b, 104 (2) ). The characteristic girdle of 
R-tectonites develops when the deformation is prolonged after 
a majority of the grains have assumed an orientation favour- 
able to gliding or twinning. When numerous lattice displace- 
ments have taken place, further gliding or twinning becomes 
difficult, as in the work hardening of metals, and external 
rotation may become easier than lattice displacement. 
The grains then rotate in the ac plane and produce the 
girdle. 

Experience has shown that the most satisfactory' minerals 
from which to construct orientation diagrams are quartz, 
calcite, and the micas. In quartz, the optic axes are 
mapped; in calcite, optic axis, and the normal to the twin 
and glide plane (01 1 2); in mica, generally the normal to 
the (001) plane. 

Symmetry of Orientation Diagrams. — A glance at a number 
of orientation diagrams (see Figs. 102, 103) will show that they 
present a certain symmetry. This is even better revealed by 
forming a mental picture of the spherical projection from 
which the diagrams are derived. The following types of 
symmetry are recognized. ‘ 

* Sander, B., Gtfigekunde-. p. 146. 
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1. Isotropic; completely haphazard arrangement of fabric 

elements (Fig. 104 (i)). 

2. Spheroidal: the spherical projection has the symmetry of 

a spheroid of revolution (Fig. 103 (i)). 

3. Orthorhombic; the spherical projection has the sym- 

metry of a triaxial ellipsoid. There are two planes of 
symmetry in the orientation diagram (Fig. 104 (2)) the 
other being the plane of the diagram. 



1 2 


FIG. 103.— ORIENTATION DIAGRAMS OP TYPICAL S- AND 

B-TECTONITES 

(AAer Sander^ GtfQgikundt dr? Guttifu) 

4. MonocUnic; the spherical projection has a centre ofsym- 
metry, one plane of symmetry, and one axis of 
sj^et^ at nght angles to the plane. There is one 
plane^of symmetry in the orientation diagram (Fig. 

5- Tnclmic: the spherical projection has only a centre of 
(kT'oTJJ' orientation diagram has no symmetry 

partial orientation is related to the 

parfal^movements m the rock. Spheroidal symmetry may 
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express the absolute dominance of one ^-surface, with no visible 
^-axis. The optic axes of the grains in the quartz films on 
slickensided surfaces show this orientation, and these quartz 
films also afford a good example of an S-tectonite (see Fig. 
^^3 (0)‘ fabric orientation diagrams of lamellar grains 





FIG. 104.— ORIENTATION DIAGRAMS SHOWING VARIOUS SYMMETRY 

TYPES 



(AAcr Sander, Gf/ugtktm^ dtt Cttitint) 

Isotropic: poles of (010) faces of andcsine in orbicular diorite. 
Orthorhombic; poles of (001) faces of biotitc m biotite schm. 
Monoclinic; optic axes of quartz crystals in the shear plane S . trayers- 
ing the strongly orientated crj'sials whose long axes are parallel to q. 
Triclinic; optic axes of quartz in thinly foliated pegmatite. 
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that have settled through a fluid medium also show spheroidal 
symmetry. Orthorhombic symmetry' in tectonites expresses the 
presence of two equally well-dev'eloped s-surfaces, generally 
intersecting in b. 

Monoclinic symmetry is commonest in tectonites. It is the 
symmetry of a forward rolling motion like that of a wheel, and 
is perhaps produced in tectonites by the rotational movements 
of the grains. Typical R-tectonites show monoclinic symmetry, 
the symmetry plane being the ac plane, and the axis the ^-axis. 

Triclinic symmetry is shown by tectonites having inter- 
secting kol okl and hkl j-surfaccs, due cither to deformation at 
different times by forces acting along different directions, or to 
rotation about an axis other than the i-axis. 

Although the recognition of symmetry-types is useful, it is 

found in practice that numerous deviations from the idealized 

types occur, which necessitate a broad rather than a precise 

view to be taken. The orientation diagram itself has to be 

interpreted in the light of the lattice translations that are 

known or believed to take place in the minerals examined, the 

collective data regarding the movements in the rock, and the 

presumed effects these movements would have on lattice 
orientation. 


Re^stallization in Relation to Fabric.— The microfabric 
W^ch will result from deformation of a certain kind will' 
obviously be affected by recrystalUzation of the component 
imnerals of the rock. Although at first sight it might be thought 
that crystallization of post-deformation date {posHectonic cry- 
stalltzation, pre-crystalline deformation) would obliterate all the 
direcuonal structures rcsulung from the strain, this is not the 
case, ^--surfaces are planes which afford a ready passage for 
soluuons, and along which the resistance to crystal growth is 
l^thw m the body of the rock. Thus, on recryst^ization, 
pre-existing j-surfaccs are outlined with newly formed minerals 

Sel arranged with their flat surfaces 

mimtliccyHalHza- 

diLn • '“«hod whereby 

&mtTde«loped‘:“" ^ ^ ™ - 
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FIG. 105. A. POST-CRYSTALLINE DEFORMATION, SHOWN BY 
DISTORTED MICA CRYSTALS IN THE CORE OP A FOLD IN GNEISS. 

B. POST-DEFORMATION CRYSTALLIZATIO.N SHOW.N BY UNDISTORTED 
MICA FLAKES IN MINUTE FOLDS IN MICA SCHIST. THE QUARTZ 
LAYER SHOWS POST-CRYSTALLIN*E DEFORMATION 

In ^ Uic costals not distorted, and grew after the folding; in D they 
are all distorted by the folding. * ^ 


With para-crystalline deformation {syntectonic crystallization) de- 
formation and rccrystallization go on at the same time, and if 
the deformation follows recrystallization, it is termed post- 
crystalline deformation {pre-tectonic crystallization). 

The time relationships of recrystallization and deformation 
are best revealed by minerals which react readily to stress, 
such as mica, quartz, calcite, and gypsum. The mica flakes on 



FIG. 106. — PARA-CRYST/VLLINE DEFORMATION SHOWN BY THE DIS- 
TORTION OF THE MIC/V FLAKES BELOW THE BENT PLATE OF IRON 
ORE, AND THE LACK OF DISTORTION IN THE CORE OF THE FLEXURE 

( X 15 APPROX.) 

(DiA^ammdCic. after Sander) 
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both the inner and outer sides of minute folds in a puckered 
schist, sometimes show well-developed crystal outlines and 
lack of distortion (Fig. 105, b). This indicates pre-ciY'stalline 
deformation and mimetic cr>’stalUzation. In other rocks, the 
cores of the minute folds contain undeformed mica flakes. 



PIG. 107. — DEFORMATION OF OBJECTS IN ROCKS 
(Cleavage is vertical in all instances.) 

cIcLvag^.^“*’‘°“*“ caducous), shomng compression normal to 

E^a^. ^ 50%: 

(<0> (0» (/). Pressure fringes around p>Titcs in slates. 

fl--^ongation in the cleavage direction, no rotation: 

&--^c same, combined with roution (after Mugge): 

—disrupted pyntes gram in pressure-fringe (after Magn6c). 


are dis- 
torted (Fig. 106); or again, the mica flakes in one fold will be 

l^o'^on Th with no evidence of 

n the slate shown in Plate III, Fig. B. It tvill be noted 



no OUTLINES OF STRUCTURAL GEOLOGY 

that the lines of inclusions in the calcite, which represent 
rwidual grains originally parallel to the present cleavage 
direction, are sigmoidally curved. As the porphyroblasts grew, 
they were at the same time rotated by shearing movements 
along the cleavage planes, so that the lines of inclusions in 
successive layers from the inside of each crystal towards its 
periphery', show progressively less rotation. 

Pre-tectonic crystallization of a particular mineral is in- 
dicated by cataclasis of all the grains (see Fig. 105, a). The 
different minerals in a metamorphic rock do not all develop at 
the same time, however, and thus the time relationships 
between crystallization and deformation will not be the same 
for each species. 

Examples of the application of the methods of petrofabric 
analysis will be found in the works listed below.' 

* Ostwrne, F. F., and G. K. Lowthcr, ‘Pctrotectonics at Shawinigan Falls, 
Quebec’: Dull. Geot. Soc. Amer., Vol. 47, 1936, pp. 1343-70. ingerson, E., 
Fabric Analysis of a Coarsely Cr>’stallinc Polymctamorphic Tcctonitc svith 
an explanation of field and laboratory methods’: Amer. Jour. Sri., Vol. 31, 
PP- 161-87. Turner, F. J., ‘Interpretation of Schistosity in the Rocks 
of Otago, Ne%v Zealand’: Trans. Ray. Soc. Xew Zealand, V^ol. 66, 1936, pp. 
201-24. Phillips, F. C., ‘A Fabric Study of some Moine Schists and Associ- 
ated Rocks’: Qiiart. Joum. Geol, Soc., Vol. 93, 1937, pp. 581-620. ‘Mineral 
Orientation in Some Olivine-rich Rocks from Rum and Skye’: Geol. Mag., 
Vol. 75, 1938, pp. 130-5. 
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A axis, 158 
a axis, 1 58 

AtbUdungskrislaUisalion, 167 

Absektebung, 1 16 

Aeolian current ripples, 0 

Affifu umformung, 24 

Africa, Major structures of, 48, 72 

— Rift Valleys of, 72 
Alberta, Mud Buttes of, 16 
Alps, European, 55, 57, 58, 60 
Anlagtrungsge/iige, 156 
Anticlinal bend, 76 
Anticline, 40, 75, 76 
Anticlinorium, 77, 97 
Anti>dunc, 13 

Antithetic faults, 71 
Apex of fold, 76, 79 
Aplite, 145-6 

Appalachian Mountains, 57, 129 

— type of folding, 57 

Apparent displacement of fault 
blocks, 1 16 

Arch of flow structures, 20, 140 
Asia, Fold mountains of, 62 
Asthenosphere, 7a 
Aufsehiebung, 116 
Axes, Fabric, 158-60, 162 
Axial line, 61, 78 

— plane, 77.S7»«59 

— of elongation and compression, 

6t 

— Strain, 61 
Axis of fold, 61, 78 

— Tectonic, 158 

B axis, 158, 164, 166 
B~leetonics, 163, 164, 165 


b axis, 158 
Basin Ranges, 73 
Basins, 76 

Bedding, Cross, 5, 6, 7 

— Current, 5, 7 

— Discordant, 5, 7 

— False, 5 
fissility, 106 

— Graded, set Graded bedding 

— Inclined, 5 

— Oblique, 5 

— planes, i, 85, 97 
schistosity, 106 

— Slip, 17, 18 
Bedding plane slip, 97 
Bending, 40 
Bctwixt*mountain$, 60 
BliUU'erschiebungm, 123 
Block faulting, 54, 70, 74 

— mosaic, 70 
Bottom-set beds, 5, 6, 7 
Boudinage, iit, 113 
Brittleness, 31 
BnJt/alUn, 54, 69, 90 
Buckle fol^, 89, 158 
Buried hills, 4 

C axis, 158 
e axb, 158 

Calcile, Orientation rules of, 34 

— porphyroblasts, 107, 169-70 
Camber, 21, 22 

Cascade, 19 

Clay, Plasticity of, 34-6 
Cleavage, Discussion of, 104-7 

— fan, lo 

— Flow, 107-8, 160 
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Cleavage, Fracture, io8, 131 

— in shales, i 

— planes defined, 104 

— related to faults, 110, 135 

— — to folds, I to 

— Shear, 105, 109 

— Slaty, 106, 1 1 1 

— Strain-slip, 109 

— used in field work, 1 12-13 
Coal, 16 

Coast Ranges (California), 69 
Columnar jointing, 144 
Committee on faults, 1 16 
Compaction of sediments, 14-15 

Gravitational, i 

by compression, 62 

— Differential, 9, 14 
Competent beds, 78, 82, 92, 97, 99, 

102, 112-13, *55 

ComponentaJ movements, 34-5, 
60-1, 66, 69. 96, 101-3 
Compression, Effects of, 

— in fold cores, 40-1 

— in granites, 147 

— of gcosyTicIincs, 45-7 
Concentric folding, 8t 
Cone sheets, 153 

Confining pressure, Effecis of high. 

32> 38 

Congruous drag folds, 98 

Cooling joints, 144 

Core of fold, 40-1, 79, 125 

Cratons, 44, 46 

Crest of fold, 77-8, 102, 104 

— line, 78 
Crestal plane, 67, 77 
Cross-bedding, Aeolian, 5. 10 

— Apparent, 10 

— Deltaic, 5, 6 

— Torrential, 6 

Cross joints, 145-6, 148, 150 
Crust, Architecture of, 51^68 

— Depth zones of, 150-3 
Crx-st^lization, Mimetic, 161, 167 

— Post-tectonic, 167 

— Pre-tcctonic, 168, 170 

— S>Titectonic, 168 


Current bedding, 3, 5, 7, n 

— ripple mark, 7-10 
Cur\-ature of fault planes, 129 

Decken {u€ also Nappes), 54, 57 
DlcoUemenl, 58 

Deformation, Mechanical, 58 

principles of, 23, 86 

-- Mechanics of, 125-6, 167-70 

— Non-diastrophic, 14—22 

— Para-cr>-stalline, 107, 168-70 

— Post-cr>-stalline, 16^70 

— Pre-cr>'stalline, 167, 169 
Dehydration causing jointing, 42 
Detached fold cores, 79, 89 
Diastrophism, 14, 22, 67 
Differential compaction, 14 
Dilatation, 23, 24 

Dip faults, 

— Initial, 4-6 

— Quaquaversal, 76 

— separation, 1 19 

— shift, 1 19 

— slip, 1 14, 1 18 

— and Fault, 21, 22 
Directrix, 84 

Discordant bedding, 4, 5, 7 
Dome in stratified rocks, 140 

— of flow structure, 140 
Drag along faults, 69, 130-1 

— in salt domes, 22, 94 

— of moving ice, 14-16 
Drag folds, 14. 97 

used in field work, 98-9 

Drip impressions, 10 
Ductility, 31 

East African Rifts, 72 
Elastic deformation, 25-6 

— limit, 25, 26, 31 
Elasticity, 31 

Enterolithic Structure, 19 
Epeirogenesis, 47 
Erosion causing jointing, 19, 9^ 
Expierimental study, 26 

— Batholiths, 145 

— Cleavage, 159 


177 


SUBJECT INDEX 


Experimental study, Curvature of 
faults, 129 

— Differential compaction, 15 
•— Folding, 32, 85 

— Fracture, 37 

— Grabens, 71 

— Imbricate structure, 97 

— Mobile belts (pattern of), 46 

— Pinnate joints, 133 

— Plastic deformation, 33-7 

— Rotational strains, 39 

— Salt domes, 94-6 

— Tear faults, 123 

Fabric, Definition of, 154 

— Depositional, 156 

— elements, 163 

— Rccrystallization in relation to, 

167 

Facing, i, a, 11, 13 
Fault folding, 54, 68 

— planes, nature of, 114 
curvature of, 129 

— troughs, 70 {see also Grabens) 

— zone, 1 18, 130 

Faults, Apparent displacement on, 
116 

“ Bedding, 66, 117 

— Cleavage associated with, 134-5 

— Cylindrical, 120 

— Definition of, 114 

— Discussion of, lao 

— Dip, 115, 117 

— Dip-slip, 114, 116 

— Drag along, 130-1 

— «i echelon, 133-4 

— Flexures associated with, 129 

— Geometry of, 1 24 

— Gravity, lao 

— Hinge, laa 

■— in igneous intrusions, 148-50 

— Jointing associated with, 131-3 

— Movement on, 130-5 

— Nomenclature of, 1 14 
Normal, 67, 68, 90, 1 15, lao 

— Oblique, 117 

— Oblique-slip, 1 14, 1 16, 117 


Faults, Pivotal, 12 1 
-—Reverse, 115, It6, 124 

— Strike, 1 1 7 

— Strike-slip, 114, 115, 122, 124 

— Tear, 123 

— Thrust, 125, 89 {see also Thrusts) 

— Transcurrent, 123 

— Wrench, 124 
Feather Joints, 133 
Federklufu, 133 

Fcnnoscandia, Block faulting in, 74 
Fissuring in intrusions, 99 

— in Sandstones, 1 1 1 
Flap, Limestone, 19 
Flat-luring joints, 150 
Flattening, Plane of, 160 
Flexural folds, 129 

Flexures associated with faults, 75, 
129 

Flow cast, 13 

— cleavage, see Cleavage, Flow 

— folds, 92 

— layers, 138 

— lines, 137 

— of rocks, 20, 41 

— Plastic, 31, 33, 34, 41, 154, 15$ 

— Streamline, 137 

— structures, 137 

— tops, 138 

— wrinkles, 139 
Flowage folds, 32 

— Gravitational, 18, 20, 21 

— in fold limbs, 84-5, 90 
Fold faults, 45, 46 

Folding, Appalachian type of, 57 

— Causes of, 60-4 
—Jura type of, 58 

— Normal, 54, 124 

— Plaiiu type of, 54, 67 

— Plygmatic, 93 

Folds, Asymmetrical, 78, 79, 80, 
81 

— Bending, 90 

— Box, 58 

— Buckle, 89, 97 

— Chevron, 83, 84 

— Concentric, 81 
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Folds, Disjunctive, 83, 86 

— Drag, su Drag folds 
•— m ecfulon, 133 

— Flexural, 77 

— Flexural-slip, 94 

— Flow, 92 

— Flowage, 2 1 

— Generative, 83, 86 

— Inclined, 83 

— Isoclinal, 79, 81 

— Knee, 19 

— Minor, 98 

— Parallel, 81, 82, 87 

— Piercement, 87 

— Recumbent, 79, 8x 

— Shear, 90 

— Similar, 81, 84 
*— Slip, 90 

— Supratenuous, 85 

— Symmetrical, 57, 80, 83 

— Zig-zag, 70, 83, 84 
Foliation, 50, 105, 138, 162 
Foot-wall, 1 14 
Foreland, 56, 58 
Fore-set beds, 5, 6 

Form ellipsoid, 26 
Fossils, Altitude of, 1 1 
Fracture Cleavage, see Cleavage 
Fracture 

— Discussion of, 37-8 

— in intrusions, 144-7, 150-3 
Freigleitung, 66 

Geometry of faults, 124 
Geosutures, 50 

Geosynclines, 44, 50, 58, 60, 66 {see 
also Mobile belts), 44 
Girdle in tectonics, 164 
Girvan, Ordovician rocks of, 17 
Glaciers, 15 
Gleilbrelter, 92 
Glide direction, 156 

— line, 157 

— planes, 33, 156 
Gliding, Subaqueous, 16 
Gouge, 131 

Grabens, Origin of, 70 


Graded bedding, 2, 3 

used in field work, 2, 3 

Grain in granite, 147 
— rotation, 155, 160 
GranUUktoniJst 136 
Gravity-collapse struciure8,'i9, 20 
Gulf Coast, Salt domes of, 96 
Gulls, 21, 22 
G>T5sum, 32, 93 

Hade, 1 14 

Hanging wall, 55, 1 14 
Hardway, 147 
Heave, 119 
Hill creep, 21, 22 
Himalayas, 54 
Hinterland, 56 
Homogeneous strain, 38 
Hooke’s Law, 3 1 
Horst, 70 

Hydroplasticity, 42, 96 

Ice, Deformation by, 15 
Igneous rocks. Structures of, 136 
Imbricate structure, 127 
Impressions, Rain, Drip, and Hail, 
10 

Inclined bedding, 5, 10 
Inclusions in igneous rocks, 137-9 
Incompetent beds, 82 
Incongruous drag folds, 98 
InjektivJalUn, 87 

Intraformational contortion, 17-18 
Intragranular movements, 155 
Intrusions, Abyssal, 150 

— Border zones of, 138, 140, 148-50 

— Depth relations of, 150-1 

— Structures of, 136-53 

— Ultraplutonic, 150 
Isotropic symmetr>’, 165, 166 

Jointing, Columnar, too, 144 

— Discussion of, loi 

— distinguished from cleavage, no 

— Mural, 146 

— of intrusions, 140, 144-51 

— related to cleavage, 1 12 
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Joints, Cooling, 144 

— Cross, 145 

— Feather, 133 

— Flat-lying, 146 

— >45 

— Pinnate, 133 

— Q.-> >46 

— related to faults, 102-3, >33» 

148 

— S’, 146 

— Sets of, 41, 99 

— Shear, 100, 131, 133 

— Sheeting, 146 

— Slip, loo 

— St^e, 102 

— Systems of, 99, 100 

— Tectonic, 100 

— Tension, 40, xoo, loa, 131, 133, 

146 

— Transverse, 103 
Jura Mountains, 57, 58 

— type of folding, 82 

Knee fold, 19 
Knick-planes, 88 
Kojfer/^t, 58, 88 

Lagerklu/u, 146 
Laminae, i, 9, 12, 91 
Landslides, 21 
Latgenkluju, 146 
Lattice, Crystal, 33 

— orientation, 157 
Lineaments, 48 

linear flow structures, 137 
Lineation, 155 
Longitudinal joints, 144-7 
LQders- lines, 36 

Major structures, Elucidation of, 97, 
98 

Marble, 33 

Median mass, 60, 88 

Mica in puckered schists, 169 

— Orientation rules of, 164 
Mid-ConUnent rt^on. Folding of, 

67 


>79 

Mimetic cr>'stallization, 161, 167 
Mine subsidences, 2 1 
Minor folds, 97-8 

— structures along faults, 130-5 
Mobile bells, 44, 53 
Monocline, 76 

Monoclinic s>Tnmelry, 165-7 
Mountain roots, Zone of, 151 
Mud cracks, 10 
Mullion structure, 13 1 
Mural jointing, 146 
Mylonite, 131 

Nappes, 54, 123 

— Fold, 55, 66 

— Thrust, 55, 124, 129 
Neutral surface, 40 
Non-diastrophic structures, i 
Non-tectonics, 156 
Normal dip separation, 1 19 

— folding, 54, 57 

— horizontal separation, 1 19 

— stress, 23-4 

Oblique bedding, 5 

— faults, 1 14 
Optical axes, 154 

Order of superposition, s€e Super- 
position, Order of 
Orientation diagrams, 164, 166 

— Dimensional, 157 

— Lattice, 157 

— of flaky particles, l, 106-7 

— of inclusions in magmas, 137-9 

— Preferred, 156. >57 

— Pseudo-dimension^, 160 
Orogen, 46, 58 
Orogenesis, 47 
Orogenic belts, 21, 47 
Orthorhombic symmetry, 165, 166 
Oscillation ripple mark, 8 
Ovcrfold, 81 

Overthrust, 64, 124 {see also Nappes, 
Thrust) 

Para-crystalline deformation, 166 
Pebbles, stretched, 26 
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Penecontcmporaneous structures, 
> 2 > > 9 , 7 * 

Periclinal structure, 76 
Petrofabric analysis 154 162, 170 

Procedure in, 162 

Pinnate joints, 133 
Pitch of flow lines, 77 

— of folds, 77 

Plains tyi>e of folding, 67 
Plaiting surface, 160 
Plasticity, 30, 33, 41 {set also Flow, 
Plasuc) 

— Effect of pressure on, 30-1, 38 
of temperature on, 31, 38 

— of magmas, 136, 146 
Pldllungs-s, 160 

Platy flow structure, 137 
Plis diapirs, 87 

— du Fond, 62 

— dt cotaerlurt, 62 
Plunge, 77 
Porphyroblasts, 169 
Post*crystalline deformation, 168 

— -tectonic cr>-stalIi2aiion, 167 
Pre-cr>’stalline deformation, 167 
Preferred orientation, 156 {ste also 

Orientation) 

Pressure, Effect of high, 32 

— Static, 96 

— shadows, 1 55 

Prc-tectonic crystallization, 168, 170 
Prodclta clays, 5 
Pseudo-nodules, 11, 13 
Pumpelly’s rule, 97 
Pure shear, 30 

— strain, 26-7 

Q,-joint5, 148 

Quaquaversal dip, 76 

Quartz, Orientation rules of, 155 

R-Uctonics, 164 
Rain impressions, 10 
Rake, 77 
Ramp valley, 73 
Reef limestone, 14 
Rejuvenated mobile belts, 46 


Rtlitfuberschubung, 127 
Resistant masses, 44, 46 
Reverse dip separation, 119 

— — - faults, set Faults, Reverse 
Rhine graben, 70 

Rift in granites, 147 

Rift valleys, 48, 72 {set also Grabens) 

Rigid blocks, see Resistant masses 

Ring dykes, 153 

Ripple index, 8 

Ripple mark, Aeolian, 5, 7, 8 

Current, 8 

Oscillation, 8 

Palaeogeographic significance 

of, 9 

used in field work, 9 

Wave, 8 

Rock salt, 22 {see also Salt), 93 
Rocky Mountains, 35, 129 
Roof and wall structure, 19 

— foundering, 150 

Rotation about B-axis, 161 , 

— External, 160 

— of crystal lattices, 33 

— of inclusions, 127 

— of mineral grains, set Grain 

rotation 

— of shearing planes, 39-40 
.S-joints, 146 

5 -surfaces, 159, 161, 166, 167 
5 'tcctonites, 164, 166 
Salt anticlines, 93 

— domes, 22, 94-96 

— plugs, 22, 95 

— stocks, 95 

San Andreas Rift, 122 
Saxony, Brvehfalltn in, 69 

— Salt mines of, 93 
Schtr/alltn, 90 
Schistosity, 91, 156, 159 
SchlitTtn, 137 
Schmidt net, 163 
SehuppenstruktuT, 127 
Scottish Highlands, 54 - 5 > 

Scour channels, 14 
Separation, 119 
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Shales, Fissile, i 

— Paper, x 

Shear joints, Joints, Shear 

— ~ Simple, 20, 30 

— Pure, 29, 30, 35 

— zones, 56,92, 135 
Shearing couples, 26 

— planes. Angle between, 34, 35, 

39, 38, 

Complementary, 34-5, 150, 

16^2 

m eehtlon, 61 

in fault zones, 134 

— — in plastic deformation, 34 

in rotational strains, 39 

in slates, 109 

— — - Intersection of, 104 

Nature of, 34-6 

Pinnate, 133 

Rotation of, 160 

— stress, sit Stress, Shearing 
Sheeting structure along faults, 135 

in intrusions, 95 

Shields, 46 
ShiA, 1 18 

Similar folding, 84 
Simple shear, 30 

Shrinkage cracks, stt Mud cracks 

— of sediments, 10, fi 
Slaty cleavage, see Cleavage, Slaty 
SHckcnsides, 97, 131, 155 
Sliding, Subaqueous, 16 
Slip along faults, 1 1^19 

— bands, 36 

— bedding, 17 

— Bedding plane, 97 

— folds, go-t 

— planes, 35 

— sheet, 19 

Slumping, subaqueous, 16 
SoA^rock deformation, 61 
Spheroidal symmetry, 165 
Stable blocks, see Resistant masses 
Strain, Definition of, 

— Co>ordinated, 23, 25 

— ellipse, 29 

— ellipsoid, 25, 27 
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Strain, Heterogeneous, 24, 25, 26, 40 

— Homogeneous, 24, 25 

— Inhomogeneous, 24 

— Irrotational, 26 

— Plane, 29 

— Principal axes of. 23, 25, 36, 38 

— Pure, 26 

— Rotational, 26, 29, 126 

— Slip cleavage, see Cleavage, 

strain-slip 

Stratification, t, 4, 6 
Stream lines, 137 
Streekftdche^ 150 

Strength, Ultimate, see Uhimalc 
strength 

Stress, Definition of, 23 

— difference, 23 

— Normal, 24 

— Principal axes of, 23 

— Shearing, 24, 32 

— Tangential, see Shearing 
Stretching in intrusions, 138-41, 

»45> »50 

— Planes of, 145, 150 
Strike faults, see Faults, Strike 

— slip, 1 14, 1 18 
Structures, Classification of, ig 

— Major crustal, 44-68 
Subaqueous current ripples, 8, 16 

— slumping, 14, 16 

Sun cracks, see Mud cracks 
Superposition, Order of, 10, 14 
S)'mmetry of major structures, 60 

— of orientation diagrams, 164 
Syncline, 75, 76, 108 
Synclinorium, 77, 97 
Synlectonic crystallization, 169 

Tables, 46 
Tcctogcnc, 64 
Tectonic axis, 158 
Tectonics, Flow, 33 

— Gravitational, 64 

— Resurgent, 50 
Tecionites, Definition of, 155 

— Motion in, 158 

— Types of, 164 



1 


1 82 OUTLINES OF STRUCTURAL GEOLOGY 


Teilbewegungen, 155 
Temperature, Effect of high, 32 
Tension, Crustal, 93 

— gashes, 32, 38, 40, 133 

— in folded strata, 35-6, 40, 104 

— joints, see Joints, Tension 
Terrace, 77 

Throw, 1 1 9 
Thrusts, Break, 124 

— Erosion, 127 

— Low angle, 126, 129 

— Marginal, 134, 148 

— Over, 69, 124 

— Shear, 125, 130 

— Stretch, 124 

— Surface, 127 

— Transcurrent, 123 

— Transverse, 123 

— Under, 124 

— Up, 75, 124 
Tides in the crust, 99 
Tilt blocks, 70 
Top-set beds, 5-7 
Torsion, 31, 41, 42 
Transcurrent thrusts, 123 
Triclinic s>'mmctry, 165 
Trough of fold, 77 

True Cleavage, see Cleavage, True 


Tsunamis, 2 
Turbidity currents, 2-4 
Twin-planes, Orientation of, 157, 
163 

Twinning, 154, 157, 164 

Uberfaltimgsdeeke, 55 
Uberschiebungen, 116 
Uberschiebungsdecke, 55 
Ultimate strength, 31 

Effect of pressure on, 31 

Umformung, affine, 24 

— niehl affine, 24 
Undation Theor>’, 65 
Ural Mountains, 45, 49 

Valley bulge, 21, 22 
\'ertical movements, 47 

— separation, 1 19 
Veru'erjiing, 116 
Viscosity of magmas, 137 

Wave ripple mark, 8 
Wrinkles, Flow, 139 

Zig-zag fault pattern, 73 

— folds, 79, 83, 84 
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